U.S.  DEPARTMENT  OF  COMMERCE 
National  Technical  Information  Service 


AD-A033  216 


ENGINEERING  DESIGN  HANDBOOK 

HELICOPTER  ENGINEERING,  PART  TWO 


DETAIL  DESIGN 


Army  Materiel  Command/  Alexandria/  Virginia 


January ,1976 


Reproduced  From 
Best  Available  Copy 


351058  * 

AMC  PAMPHLET 

AMCP  706-202 

"4  .. 


INEERING  DESIGN 
HANDBOOK 


HELICOPTER  ENGINEERING 

PART  TWO 
DETAIL  DESIGN 


,<A, 


HEADQUARTERS,  US  ARRAY  MATERIEL  COMMAND 


ripsoowsdot 

NATIONAL  TECHNICAL 
INFORMATION  SERVICE 

U.  S.  DEPARTMENT  Of  COMMERCE 
SPWNflf  IEID,  VA.  22181 


AMCP  706-202 


J 


#uet 

mt. 


\M(  Pamphlet 
No.  706-202 


{! 


HI  PAR  1 MEM  <)l  1111  \RM\ 

IIKADgi  ARIKRS  1 S ARM  A M \ l IK  I II  COMMAND 
5001  l istnhnvHr  \u-..  AU-vandriii.  A \ 22333 


20  January  1976 

ENGINEERING  DESIGN  HANDBOOK 
HELICOPTER  ENGINEERING,  PART  TWO 
DETAIL  DESIGN 


k 

f 

r 

i 

\ 


i 

r 

t 


\ 

i 


\ 


TABLE  Or  CONTENTS 


Paragraph  Pape 

LIST  OP  1 1 .1  USI  RATIONS  xxviii 

LIST  OF  TABLES xxxiv 

FOREWORD  xxxv i 

PREFACE  xxxvjii 

CHAPTER  I / 

INTR01H  CTION  J 

CHAPTER  2 / 

MATERIALS  , 

2-1  INTRODUCTION  /. 2-1 

2-2  METALS  2-1 

2-2.1  FERROUS  METALS  2-1 

2-2.1. 1 General  2-1 

2-2. 1.2  Cat  bon  Steels  2-1 

2-2.1.  A Allov  Steels  2-2 

2-2. 1.4  Stainless  Steels  2-2 

2-2. 1.5  Precipitation  Hardening  Steels  2-2 

2-2. 1.6  Maraging  Steels  2-3 

2-2.2  NONFERROUS  METALS 2-4 

2-2.2. 1 General  2-4 

2-2. 2. 2 Aluminum  Alloys  2-4 

2-2.2.3  Magnesium  Alloys  2-5 

2-2. 2.4  Titanium  Alloys  2-6 

2-2. 2. 5 Copper  and  Copper  Alloys  2-6 

2-2.3  ELECTROLYTIC  ACTION  OF  DISSIMILAR  METALS  2-7 

2-3  NOMETALLIC  MATERIALS  2-7 

2-3.1  GENERAL  2-7 

2-3.2  THERMOPI  ASTIC  MATERIALS  2-8 

2-3.3  THERMOSETTING  MATERIALS  2-9 

2-3.4  ELASTOMERIC  MATERIALS  2-10 

2-3.5  WINDOW  MATERIALS  2-10 

2-4  COMPOSITE  STRUCTURES  2-11 

2-4.1  FIBERGEAS  LAMINATES  2-11 

2-4.1. 1 Design  Considerations  2-11 

2-4. 1.2  Resin  Systems  2-12 

2-4.  I T I Polyesters  ' 2-12 

2-4. 1.2. 2 Epoxies  2-12 

2-4. 1.2. 3 Phenolics  2-12 


M. j* 


J 


i 

j 


r-'i  ri  ri  ci  c~'i  <n  ri  jrt  n r*  rs  r’»  n r'4  ri  n ri  ri  ri  r'j  r’j  r i r j n h n n ri  ri  rs  n in  in  rj  m in  in  cn  rj  <n  ri  n ri  r » 


AMCP  706-202 


Paragraph 


2-4.1  3 
■4. 1.3. I 

4. 1.3.2 

4. 1.3.3 
4.1.4 

4.1.4. 1 

4.1  4.2 

4.1.4. 3 
4. 1? 

4.2 

4 2 1 

4.2.2 

4.2.3 

4.2.4 
4.3 

4.3.1 

4.3.1. 1 
4.3  1.2 
43  13 

4.3  1.4 

t t ^ 

H I.- 

4.3.3 

4.3.4 

4.4 

4.5 

4.5.1 

4.5.2 

5 

5.1 

5.1.1 

5.1.2 

5.1.3 
5.  i .4 

5.2 

6 

6.1 

6.2 

6.3 

6.4 
7 

7.1 

7.2 

7.3 

7.4 
7 5 


3-0 


TABLE  OF  ( ONI ENTS  (Continued) 


Page 


Types  of  Reinforcement  2-12 

Nonwoven  Continuous  Filaments  2-13 

Woven  Fabric  2-13 

Chopped  Fiber  2-13 

Fabrication  Methods  2-13 

Open  Mold  Hand  Layup  2-14 

Sprayup  2-15 

Matched  Die  Molding  2>1 5 

Surface  Finishes  2-15 

FABRIC  LAMINATES  2-16 

Reinforcement  Selection  2-17 

Resin  Selection  2-17 

Special  Types  2-17 

Specifications  2-17 

FILAMENT  COMPOSITION  2-i7 

Types  of  Reinforcement  2-18 

E-glass  2-18 

S-glass  2-18 

Boron  Filaments  2-18 

Graphite  2-18 

Resins  2-Id 

Manufacturing  Processes  2-19 

Applications  2-20 

HONEYCOMB  AND  SANDWICH  CONSTRUCTION  2-20 

ARMOR  MATERIALS  2-27 

Available  Materials 2-29 

Design  2-30 

ADHESIVES  AND  SEALANTS  2-30 

BONDING  AGENTS  2-30 

Structural  Adhesives  2-30 

Nonstructural  Adhesives  2-32 

Processing  Operations  2-33 

Design  of  Bonded  Structures  2-33 

SEALING  COMPOUNDS  2-33 

PAINTS  AND  FINISHES  2-34 

PAINTS  AND  COATINGS  (ORGANIC)  2-34 

SPECIAL  FINISHES  2-35 

PLATING  2-36 

TAPES  2-37 

LUBRICANTS,  GREASES.  AND  HYDRAULIC  FLUIDS  2-38 

GENERAL  2-38 

DESIGN  OF  LUBRICATION  SYSTEMS  2-38 

GREASES  2-38 

DRY  FILM  AND  PERMANENT  LUBRICANTS  2-38 

HYDRAULIC  FLUIDS  2-40 

REFERENCES  2-40 


CHAPTER  .3 

PROPULSION  SUBSYSTEM  DESIGN 
LIST  OF  SYMBOLS  


3-1 


ii 


AMCP  706-202 


TABLE  OK CONTENTS « untinuvd) 


Paragraph  Png'-’ 


3-1  INTRODUCTION  •~T'*  3-1 

3-2  ENGINE  INSTALLATION  3-i 

3-2.1  GENERAL  3-1 

3-2. 1.1  Submerged  Installation  3-1 

3-2.1. 2 Semiexposed  Installation  3-1 

3-2.1. 3 Exposed  Installation  3-3 

3-2. 1.4  Design  Checklist  3-4 

3-2.2  ENGINE  MOUNTING  3-4 

3-2.3  ENGINE  VIBRATION  ISOLATION  3-5 

3-2.4  FIREWALLS  3-5 

3-2.4. 1 Fire  Detectors  3-5 

3-2.4. 2 Fire  Extinguishing  3-6 

3-2.5  ENGINE  AIR  INDUCTION  SUBSYSTEM  3-6 

3-2.5. 1 Air  Induction  Subsystem  Design  3-6 

3-2. 5. 2 Inlet  Protection  3-6 

3-2. 5. 3 Anti-icing  3-7 

3-2. 5. 3. 1 Electrical  Anti-icing  3-7 

3-2.5. 3. 2 Bleed  Air  Anti-icing  3-7 

3-2. 5. 3. 3 Anti-icing  Demonstration  3-7 

3-2.6  EXHAUST  SUBSYSTEM  3-7 

3-2.6. 1 Exhaust  Ejectors  3-8 

3-2.6. 2 Inflated  (IR)  Radiation  Suppression  3-8 

3-2.6. 2. 1 I R Suppression  Requirements  3-8 

3-2.6. 2. 2 Exhaust  Suppressor  3-9 

3-3  PROPULSION  CONTROLS  3-9 

3 4 FUEL  SUBSYSTEM  3-9 

3-4.1  GENERAI 3-9 

3-4.2  FUEL  SUBSYSTEM  COMPONENTS  3-10 

3-4.2. 1 Fuel  Tanks  3-10 

3-4. 2. 2 Fuel  Tank  Vents  3-11 

3-4. 2. 3 Fuel  Gaging  3-11 

3-4. 2.4  Refueling  and  Deluding  3-11 

3-4  2.5  Fuel  Dumping  3-13 

3-4  2.6  Engine  Feed  System  3-13 

3-4.2. 7 Fuel  Drains  3-13 

3-4.2  Controls  and  Instrumentation  313 

3-4.3  TESTING  3-13 

3-5  LUBRICATION  SUBSYSTEM  3 14 

3-6  COMPARTMENT  COOLING  3-14 

3-7  ACCESSORIES  AND  ACCESSORY  DRIVES  3-15 

3-8  AUXILIARY  POWER  UNITS  ( APU's)  3 15 

3-8.1  GENERAL  3-15 

3-8.2  APU  INSTALLATION  DETAILS  3-15 

3-8.2. 1 Method  of  Mounting  3-15 

3-8. 2. 2 Inlet  Ducting  3-16 

3-8. 2. 3 Exhaust  Ducting  3-17 

3-8. 2.4  APU  Bleed  Air  Dueling 3-18 

3-8. 2. 5 Cooling  3-18 

3-8.3  APU  SUBSYSTEMS  3-18 

3-8.3. 1 Electrical  Controls  3-18 


AMCP  706-202 


TABLE  OF  CONTENTS  i(  onlinwi'di 

Paragraph  Page 


3-8.3  1.1  Sequencing  Controls  3 18 

3-8. 3. 1.2  Protective  Controls  3-18 

3-8.313  Output  Controls  3-18 

3-8.3. 1 .4  Electrical  Control  Location  3-19 

3-8.3. 1.5  Electrical  Power  Requirements  3-19 

3-8.3  2 Fuel  System  Controls  3-19 

3-8.3  2.1  Rated  Speed  Governing  3-19 

3-8. 3. 2. 2 Filtering  Requirements  3-19 

3-8.3.  A PU  Lubrication  Subsystem  3-20 

3-8.3  4 APU  Reduction  Drive  3-20 

3-8. 3. 5 APU  Starting  3-20 

3-8.4  RELIABILITY  3-20 

3- 8.5  SAFETY  PROVISIONS  3-21 

REFERENCES  3-22 

CHAPTER  4 

TRANSMISSION  AND  DRIVE  SUBSYSTEM  DESIGN 

4- Q  LIST  Or  SYMBOLS  4-1 

4-1  INTRODUCTION  4 3 

4-1.1  GENERAI 4-3 

4-1.2  REQUIREMENTS  4 3 

4-1. 2. 1 General  Requirements  4-3 

4-1, 2.1. 1 Performance  44 

4-1. 2. 1.1.1  Subsystem  Weight  44 

4- 1.2. 1.1. 2 Transmission  Efficiency  44 

4 1.2.1.1.3  Sue  4-11 

4- 1.2. 1.1. 4 Noise  Levels  4-11 

4- 1.2. 1.2  Reliability  4-12 

4- 1.2. 1.3  Maintainability  4-16 

4- 1.2. 1.4  Survivability  4-17 

4-1.2. 1,4. 1 Redundancy  4-18 

4- 1.2. 1.4. 2 Design  Configuration  4-18 

4-1.2.14.3  Self-sealing  Sumps  4-22 

4- 1.2. 1.4 .4  Emergency  Lubrication 4-22 

4- 1.2. 1.4. 5 Armor  4-23 

4-1. 2. 2 Drive  System  Configurations  4-23 

4-1. 2.2.1  Single  Main  Rotor  Drive  System  4-23 

4-1. 2. 2.2  Multilifting-rotor  Drive  Systems  4-23 

4-1. 2.2. 3 Compound  Helicopter  Drive  Systems  4-25 

4-1.3  TRANSMISSION  DESIGN  AND  RATING  CHARACTERISTICS 4-25 

4-1. 3. 1 Power/Life  Interaction  4-25 

4-1. 3. 2 Transmission  Overhaul  Life  Rating  4-27 

4-1. 3. 3 Transmission  Standards  and  Ratings  4-28 

4-1.4  QUALIFICATION  REQUIREMENTS  4 29 

4-1. 4,1  Component  and  Environment  4-29 

4-1. 4.2  Development  Testing  4-29 

4-1. 4.2.1  Static  Casting  Tests  4-29 

4-1. 4.2.2  Deflection  Tests  4-29 

4-1. 4.2.3  Contact  1 ests  4-30 


AMCP  706-202 


TABLE  or  t OM  IM  S i ( oiilinuvd i 

Paragraph  Pugc 


4- 1.4. 2.4  Assembly  and  Disassembly  4-30 

. 4-1. 4. 2.5  Lubrication  System  Debugging  4-30 

. 4- 1.4.2. 6 Incremental  Loading  and  Efficiency  Tests  4-30 

4-I.4.2.7  Thermal  Mapping  Tests  4-31 

4-1. 4. 3 Overpower  Testing  4-31 

4-1. 4.4  Other  Life  and  Reliability  Substantiation  Testing 4-32 

4-2  TRANSMISSIONS  4-32 

4-2.1.  FAILURE  MODES  4-32 

4-2. 1.1  Primary  Failure  Mooes  4-32 

4-2. 1.2  Secondary  Failure  Modes  4-34 

■4-2. 1.2. 1 Overload  Failures  4-34 

4-2. 1.2. 2 Debt  is-causcd  Failure  4-34 

4-2. 1.2. 3 Environmental^  Induced  Failures  4-34 

4-2.2  DYNAMIC  COMPONENTS  4-34 

4-2.2. 1 Gears  4-34 

- 4-2.2. 1.1  Gear  Limitations  4-35 

4-2. 2. 1.2  Gear  Analysis  4-35 

4-2. 2. 1.2. 1 ‘Bending  Fatigue  Strength  4-36 

h-^.z.i.x.x  atui mg  ■ omui v 4-?! 

4-2.2. 1.2. 3 Pitting  Failure  4-44 

4-2.2. 1. 2. 3.1  Case  Failure  4-44 

4-2. 2. 1.2. 3.2  Classic  or  Pitch  Line  Fatigue 4-45 

4-2.2. 1.2. 3. 3 Wear  Initiated  Failure  4-46 

4-2.2. 1.3  Gear  Drawing  and  Specification  4-47 

4-2.2.2  Bearings  4-48 

4-2.2.2.1  Application  Design  4-48 

4-2. 2. 2.1. 1 Mounting  Practices  4-48 

4-2.2.2.1.2  Lubrication  Techniques  4-50 

4-2.2.2.I.3  Internal  Characteristics  4-51 

4-2.2.2.1.4  Skidding  Control 4-54 

*4-2.2.2.2  Life  An;  lysis  4-55 

4-2. 2.2.2. 1 Assumptions  and  Limitations  4-55 

4 2.2.2.2.2  Modification  Fartot  Approach  to  Life  Prediction  4-55 

4-2.2.2.2J  Complete  Elastic  and  Dynamic  Solutions  4-56 

4-2. 2.2.3  Drawing  Controls  4-56 

4-2.2.3  Splines  4-57 

4-2.2. 3. 1 FaceSplines  4-58 

: 4-2.2.3.2  Concentric  or  Longitudinal  Splines  4-38 

4-2.2.3.3  ; Properties  of  Splines 4-58 

4-2.2.3.4  Spline  Strength  Analysis  4-59 

4-2.2. 3.5  Drawing  Design  and  Control  4-60 

4-2.2.4  Overrunning  Clutches  4-60 

4-2.2.4.1  Sprag Clutches  4-61 

4-2.2,4.2.  Ramp  and  Roller  Clutches  4-62 

4-2,2.4  3 Sclf-encgizing  Spring  Clutches  4-62 

4-2.2.5  Rotor  Brakes 4-62 

4-2.2. 5. 1 Requirements  and  Limitations  4-62 

4-2.2  5.2  Design  arid  Analysis  4-63 

4-2.3  STATIC  COMPONENTS  4-64 

4-2.3. 1 Cases  and  Housings  4-64 


v 


'-'A 

;;  ■ ,'^V 
c'  \V 


TABLE  O*-  CONTENTS  ( tW.lnuid ) 

-/ 

Ci 

Paragraph 

Pugo 

4-2. 3.1. ! 

Design  and  Analysis  

4-64 

4-2.3. 1.2 

Materials  and  Processes  

4-66 

4-2. 3.2 

Quills  

4-67 

4-2.4 

SPECIAL  CONSIDERATIONS  

4-68 

- 4-2.4. 1 

Vibration  Control  

4-Ct 

4-24.2 

Diagnostics  

4-78 

4-3 

DRIVE  SHAFTING  AND  INTERCO  iNECTION  SYSTEMS  

4-72 

4-3! 

GENERAL  REQUIREMENTS  

4-72 

4-3. 1.1 

Enginc-to-Transmission  

4-72 

4-3.1  2 

Interconnect  Shafting  

4-73 

4-3. 1.3 

Tail  Rotor  or  Propeller  Shafting  

4-73 

4-3.14 

Subcritical  Shafting 

4-74 

4 3.1.5 

Supercritical  Shafting  

4-76 

4-3.2 

COMPONENT  DESIGN  

4-76 

4-3.2. 1 

Couplings  

4-76 

4-3. 2.2 

Bearings  

4-80 

4-3. 2.3 

Shafting  

4-81 

4-4 

LUBRICATION  SYSTEMS  

4-81 

4-4  I 

OIL  MANAGEMENT  

4-82 

4-4.1. 1. 

Function  

4-82 

4-4. 1.2 

Component  and  Arrangement 

4-83 

si 

* d t 1 
t-».  I.J 

P Artri<l«v.itinnr 

4-RS 

( ?■' 

4-4.2  - 

COOLING  REQUIREMENTS 

4-86 

Wj- 

4-4.2. 1 

Heat  Exchanger  Sizing  

4-36 

$ 

4-4. 2. 2 

Cooling  Fan  Sizing  

4-87 

i 

4-4.3 

EMERGENCY  LUBRICATION  

4-87 

4-5 

ACCESSORIES  

4-88 

i 

4-5.1 

PAD  LOCATION  AND  DESIGN  CRITERIA  

4-88 

i 

4-5.2 

ACCESSORY  DRIVE  DESIGN  REQUIREMENTS  

4-89 

4-5.3 

SPECIAL  REQUIREMENTS  

4-89 

i 

REFERENCES  

4-89 

CHAPTER  5 

i 

ROTOR  AND  PROPELLER  SUBSYSTEM  DESIGN 

£ 

5-0 

LIST  OF  SYMBOLS  

5-1 

T* 

r 5-' 

INTRODUCTION  

5-2 

5-2 

DESIGN  PARAMETERS  

5-3 

. , 

5-2.1 

HOVER 

5-3 

| '*■  5-2. 1.1 

Disk  Loading  and  Induced  Power  

5-3 

f 5-2. 1.2 

Blade  Loading  

5-4 

5-2.!. 3 

Blade  Tip  Mach  Number  

5-5 

5-2. 1.4 

Number  of  Blades  

5-5 

i 

5-2. 1.5 

Twist  

5-5 

5-2. 1.6 

Airfoil  Sections  

5-5 

5-2. 1.1 

Hovering  Thrust  Capability  

5-5 

5-2. 1.8 

Guidelines  

5-5 

f ' ' . 5-2.2 

HIGH-SPEED  LEVEL  FLIGHT  

5 6 

\ 5-2.3 

HIGH-SPEED  MANEUVERING  FLIGHT  

5-6 

! 5-2.4 

INERTIA  

5-7 

( 

i 5-3 

ROTOR  SYSTEM  KINEMATICS 

5-7 

I 5-3.1 

GENERAL  

5-7 

s.. 

AV-SP  706  292 

TA  BLE  01  CONTENTS  I C wstinutd  | 

Paragraph  Page 


5-3.2  HELICOPTER  CONTROL  5 9 

5-3.3  ARTICULATED  ROTOR  5-9 

5-3.4  GIMBALED (TEETERING)  KOTOR  5-10 

5-3  5 H1NGELF.S5  ROTOR  5-11 

5-3.5. 1 XH-51  Rotor  System  512 

5-3.5  2 OH-6A  Rotor  5-12 

5-3.6  ROTOR  SYSTEM  KINEMATIC  COUPLING  5-13 

5-3.6. 1 Pitch-lag  Instability 5-13 

5-3.0.2  Pitch  flap  Instability  5-14 

5-3.6  3 Flap-lay  Instability  5-14 

5-4  ROTOR  SYSTEM  DYNAMICS  5-16 

5-4  1 OSCILLATORY  LOADING  Or  ROTOR  BLADES  5-16 

5-4. 1.1  Hypothetical  Consideration  of  Rotor  Vibratory  Loads  5-16 

5-4. t. 2 Oscillatory  Load  Design  Considerations  5-P 

5-4. 1.2.1  Rotor  Oscillatory  Load  Calculation  5-17 

5-4. 1.2.2  Drawing  Board  Phase  5-17 

5-4. 1.2.3  Flight  Tests  S-I8 

5-4. 1.2.4  Fatigue  Tests 5-18 

5-4.2  AMPLIFICATION  AND  NATURAL  FREQUENCIES  5-19 

5-4.3  GROUND  RESONANCE  5-19 

5-4.3. 1 Two-bladed  Rotor  With  Hinged  Blades  5-21 

5-4.3  2 Two-bladed  Rotors  Without  Hinges  5-22 

5-4  3.3  Multibiaded  Rotors  5-22 

5-4  4 FLUTTER  ASSESSMENT  5-23 

5-4.4. 1 Current  Criteria  5-23 

5-4.A2  Design  Considerations  5-23 

5-4.4  2. 1 Helicopter  5-23 

5-4.4. 2.1. 1 Fixed  System  5-23 

5-4.4. 2. 1.2  Rotating  System  5-23 

5-4. 4. 2. 2 Compound  5-23 

5-4.4. 2. 2.  i Fixed  System  5-23 

5-4.4. 2. 3t2  Rotating  System  5-24 

5-4.5  I ACOUSTIC  LOADING  5-24 

5-4.6  ! GUST  LOADINGS  5-24 

5 4.6.1  Discussion  of  the  Gust  Prohi  :nr  5-24 

5-4.6.2;  Gust  Design  Considerations  5-25 

5-4.7  f TORSIONAL  STABILITY  5-26 

5-4.7. 1'  Discussion  of  Problem  5-26 

5-4. 7. 2 Design  Considerations  5-2' 

5-5  BLADE  RETENTION  5-27 

5-5  1 RETENTION  SYSTEM  DESIGN  CONSIDERATIONS  5-27 

5-5.1. 1 Articulated  Rotors  5-27 

5-5. 1.1.1  Typical  Articluatcd  Rotor  Considerations  5-27 

5-5. 1.1. 2 Reversed  Hinge  Articulation  5-29 

5-5. 1.2  Gimbaled  and  Teetering  Rotors  5-29 

5-5. 1. 2.1  Gimbai-mounted  Hubs  5-29 

5-5.1.2  2 Teetering  Hubs  5-30 

5-5. 1.3  Rigid  Rotor  5-30 

5-5.2  COMPONENT  DESIGN  CONSIDERATIONS  5-30 

5-5.2. 1 Rolling  Element  Bearings  5-30 


AMCP  706-202 


Paragraph 


I A HI  I 1)1  ( OV1T  VI  S i ( (ini  inurd  i 


5*5.2. I. I 
5-.S.2. 1.2 
5-5.2. 1 3 
5-5.2. 2 
5 5.2.3 
5-5.23. 1 
5-5.2.32 
5-5. 2.4 
5-5.2. 5 
5-5.26 
5-5.3 
5-5.4 
5-5.4. 1 
5-5.4. 1.1 
5-5.4. 1.2 
5-5.42 
5-5.4. 3 
5-6 
5-6  1 
5-6.1  1 
5-6.1  2 
5-6. 1.3 
5-6.2 
5-6  2.1 
5-6  2.1.1 
5-6.2. 1.2 
5-6.2. 1.3 
5-6.2.!. 4 
5-6.2. 1.5 
5-6.2. 16 

C i n ^ 

5-6.2  2. I 
5-6.2.22 
5-6.2. 2. 3 
5-6.2. 3 
5-6. 2.4 
5-6.2. 5 
5-6.26 
5-6. 2. 7 
5-6. 2. 8 
5-6.3 
5-6.3. 1 
5-6.3. 2 
5-6.3. 3 
5-6.4 
5-7 
5 7.1 
5-7.2 
5-7.2. 1 
5-7. 2. 2 


Cylindrical  Holier  Bearings  

Tapered  Roller  Bearings  

Angular  Contact  Ball  Bearings  

Teflon  Fabric  Bearings  

Flexing  Elements  

Tension-torsion  Strap  Assemblies  

Wire  Tic-bar  Assemblies  

Flastomcric  Bearings  

Lag  Dampers,  Lead-lag  Stops  

Droop  and  Hap  Stops  and  Rcstiainers  

CONTROL  SYSTFM  CQNSIDLRATIONS 

Bl.ADH  FOLDING  

Design  Requirements  

Manual  Blade  Folding  

Power  Blade  Foiding  

Operational  Requirements  

System  Safety  Considerations  

ROTOR  BLADFS 

C.FNFRA1  

Twist  

Planform  Taper  

Airfoil  Cross  Section  

BLADLCONSTRUCTION  

Spar  

Hollow  Fxtrusion  

Solid  Extrusion  

Formed  Sheet  Metal  

Round  S»ecl  Tube  

Formed  Metal  Tube  

Molded  Reinforced  Plastic  .. 

a r. 

/All  jcuiuii  

Continuous  Skins  

Segmented  Skins  

Wraparound  Skins  

Root  End  Retentions  

Tip  Closures  and  Hardware  

Trim  Tabs  

Tuning  Weights  

Design  Requirements  

Tooling  and  Quality  Control  R equipments 

BLADE  BALANCE AND  TRACK  

Effect  of  Design  

Component  Limit  Weights  

Track  

ROTOR  BLADE  MATERIALS  

ROTOR  SYSTEM  FATIGUE  LIVES  

GENERAL  

ENDURANCE  LIMIT  TESTING  

General  

Nonmetals  


5-3 1 
5-31 
5-31 
5-31 
5-32 
5-32 
5-32 
5-32 
5-34 
5-34 
5-35 
5-35 
5-35 
5-35 
5-36 
5-36 
5-36 
5-37 
5-37 
5-315 
5-38 
5-39 
5-41 
5-41 
5-41 
5-41 
5-42 
5-42 
5-42 
5-42 

< 47 

5-43 

5-43 

5-44 

5-44 

5-44 

5-44 

5-45 

5-45 

5-45 

5-46 

5-46 

5-47 

5-49 

5-50 

5-53 

5-53 

5-54 

5-54 

5-55 





AMCP  706-202 


‘lABI  KOI  ( OVI I YIN  i<  otilinui'di 

Paragraph  Page 

5-7.2. 3 Structural  Members  5-56 

5-72.4  Determination  of  fatigue  Life 5-56 

5-8  PROPELLERS  5-57 

5-8. 1 GLNLRAl 5-57 

5-8.2  PKOPKLl.HR  SYSTEM  DYNAMIC'S  5-57 

5-8.2. 1 Vibratory  Loads  5-57 

5-8.2  2 Critical  Speeds  and  Response  5-60 

5-8.2  3 Ousts  and  Maneuvers  5-62 

5-8. 2.4  Stall  Mutter  5-63 

5-8. 2. 5 Propeller  Roughness 5-64 

5-8.3  PROPLLLLR  HUBS,  ACTUATORS.  AND  CONTROLS  5-65 

5-8.3. 1 Propeller  Barrel  and  Blade  Retentions  5 65 

5-8. 3. 1.1  Barrel  Loading  5-65 

5-8. 3. 1.2  Loading  Definition  5-66 

5-8.3  13  Barrel  Structural!  ests  5-66 

5-8.3  2 Propeder  Actuators  and  Controls  5-66 

5-8 .3.2. 1 Control  Configurations  5-66 

5-8. 3. 2. LI  Constant-speed  Governors  5-66 

5 8.3.2.1.2  Beta  Control 5-67 

5-8. 3. 2. 2 Hydraulic  System  5-67 

5-8. 3. 2. 3 Auxiliary  f unctions  5-67 

5-8. 3. 2.4  Control  Performance  5-68 

5-8. 3. 2. 5 Control  Reliability  5-68 

5-8.4  PROPLLLER  BLADLS  5-68 

5 8.4.1  Blade  Geometry  5-68 

5-8  4.2  Blade  Construction  5-70 

5-8.4.2  1 Types  of  Blade  Construction  5-70 

5-8. 4. 2. 2 Manufacturing  Processes  and  Tooling  5-72 

5-8.4. 2. 3 Quality  Control  5-7.3 

5-8.4. 3 Blade  and  Propeller  Balance 5-73 

5-8.4. 4 Blade  Materials  5-7t 

5-8.4. 4. 1 Hollow  Blades  5-74 

5-8.4.4  2 Composite  Materials  5-75 

5-8.4. 4. 3 Filler  Material  5-75 

5-8.4. 4 4 Structural  Adhesives  5-75 

5-8.6  PROPELLER  Bl.ADH  FATIGUE  LIVES  5-75 

5-8.5. 1 Endurance  Limit  and  OTier  Structural  Testing  5-76 

5-8.5. 1!  Specimen  Tests  5-76 

5-8. 5. 1.2  Full-scale  Tests  5-76 

5-8. 5. 2 Might  Loads  Test  Data  and  Fatigue  Life  Determination  5-76 

5-8. 5. 2!  Aircraft  Tests  5-76 

5-8.5. 2.2  Interpretation  of  Results  5-77 

5-9  ANTH'ORQUE  ROTORS  5-77 

5-9.1  GENERAL  5-77 

5-9.2  TYPICAL  ANTITORQDE  ROTORS  5-78 

5-9.3  TAIL  ROTOR  DESIGN  REQUIREMENTS  5-78 

5-9.4  INSTALLATION  CONSIDERATIONS  5 79 

5-9.4. 1 Tractor  Configuration  5-79 

5-9.4. 2 Pusher  Configuration  5-79 

5-9. 4. 3 Operational  Considerations  5-79 

5-9.4  4 Direction  of  Rotation  5-79 


i 


AMCP  706-202 


T AUI .1.  OK  ( OM  ENTS  < ( mitlnikd i 


Paragraph  Page 


5-9 -1.5  Engint  Exhaust  5-80 

5-9.5  TAIL  ROTOR  DESIGN  PARAMETERS  5-80 

5-9.5. 1 Tail  Rotor  Disk  1 oading 5-80 

5-9.5. 2 Tail  Rotor  Tip  Speed  5-80 

5-9. 5. 3 Blade  Numocr  and  Solidity  -5-81 

5-9.5  4 Twist  5-8 1 

5-9  5.5  Dlade  Airfoil  Section  5-8 1 

5-9.6  TAIL  ROTOR  PERFORMANCE  . 5-S2 

5-9.7  STRUCTURAL  CONSIDERATIONS  5-82 

5-9.7. 1 Structural  Dynamics 5-82 

5-9  7.2  Structural  Loading  5-82 

5-9. 7.3  i Blade  Structural  Analysis  5-83 

5-9. 7. 4 I Ai'oelasticity  5-83 

5- 9. 7. 5 Flutter  and  Divergence  5-83 

REFERENCES  5-83 

CHAPTER  6 

FLIGHT  CONTROL  SVLSYMKM 

6- 0  LIST  OK  SYMBOLS  6 1 

6-1  GLNLRAL  6-i 

6-11  DESIGN  METHOD  P. 6-1 

6- 1.1.1  Point  of  Departure  6-1 

6-11.2  Mission  Requirements  and  High'.  Envelope  6-2 

6-i  . 1.3  Basic  Helicopter  Data  6 ? 

6-1.2  ANALYTICAL  TOOLS  6-2 

6-1.3  SIMULATION  AND  TESTING  6 2 

6-2  STABILITY  SPECIFICATIONS  6-2 

6-2.1  CRITERIA  AND  METHOD  OF  ANA!  YSIS  6-2 

6-2.1. 1 Control  Power  and  Damping 6-3 

6-2, 1.2  Characteristic  Roots  6-3 

6-2. 1. 2.!  Root  Plots  6-4 

6-2. 1.2. 2 Modes  and  Required  Damping 6-4 

6-2. 1.2. 3 Inherent  Airframe  Stability  6-6 

6-2  1.2.4  Variation  of  Parameters  6-6 

6-2. 1.3  Type  of  Control  6-6 

6-2. 1.4  Transient  Response 6-6 

6-2. 1 .5  Other  Factors  6-7 

6-2.2  AUTOROTATION  ENTRY  6-8 

6-2.3  SYSTEM  FAILURES  6-8 

6 3 STABILITY  AUGMENTATION  S5  STEMS  6-9 

6-3.1  GENERA! 6-9 

6-3. 1.1  Bell  Stabilizer  Bar  6-9 

6-3. 1.2  Hiller  Servo  Rotor 6-9 

6-3. 1.3  Mechanical  Gyro  6-9 

6-3. 1 . 4 Lockheed  Control  Gyro  6-10 

6-3. 1.5  EIcctrohydraulic  SAS  6-10 

6-3. 1.6  Fluidic  and  Hydrofluidic  SAS  6-10 

6-3. 1.7  Flapping  Moment  Feedback  6-10 

6-3.2  CRITERIA  FOR  SELECTION  6 10 

6-3.2. 1 Augmentation  Requirements  6-10 


x 


AMCP  706-2C2 


TABLE  OF  CONTENTS  (Continued) 

Paragraph  Puge 


6-3.2.2  Helicopter  Sue  6*10 

6-3.2.3  Type  of  Rotor  System  6-U 

6-3.2.4  Helicopter  Configuration  6-11 

6-3. 2.5  Suppression  of  Structural  and  Rotor  Mode  Responses,  Vibrations, 

or  Gusts  6-11 

6-3.3  SAS  RELIABILITY  6-12 

6-.V.1  Safety  6-12 

6-3. 3. 2 SAS  Failures  6-12 

6-3.3. 3 Fail-safe  Principles  6-13 

6-3.3.4  Battle  Damage,  Vulnerability  6-13 

6-3.4  COST  6-13 

6-3.4. 1 Development  Cost 6-13 

b-3.4.2  Production  Cost  6-13 

6-3.4. 3 Maintenance  Cost  6-13 

6-3.5  TECHNICAL  DEVELOPMENT  PLAN  6-13 

6-4  PILOT  EFFORT  6-14 

6-4.1  CRITERIA  FOR  POWER  CONTROLS  6-14 

6-4. 1.1  Control  Forces  6-14 

6-41.2  Vibration  Feedback  6-14 

6-4.1. 3 Kinunatic  Effects  6-14 

6-4. 1 .4  Control  Stiffness  6-15 

6-4.2  HANDLING  QUALITY  SPECIFICATION  6-15 

6-4.3  HUMAN  FACTORS  6-17 

6-4.3. 1 Control  Force  Cues 6-17 

6-4  3.2  Developmental  Test  6-17 

6-4.4  AUTOMATIC  CONTROL  INTERFACES  6-17 

6-1.5  VULNERABILITY  6-18 

6-4.6  RELIABILITY  6-18 

6-5  MECHANISMS  6-18 

6-5.1  ROTATING  SYSTEMS 6-18 

6-5. 1.1  Design  Factors  6-iS 

6-5. 1.2  Test  Results  6-21 

6-5. 1. 2. i BencltTests  6-21 

6-5.1. 2.1.1  Test  Loads  6-21 

6-5. 1.2. 1.2  Instrumentation  6-21 

6-5-1 .2.1 . j Quantity  and  Selection  of  Specimens  6-22 

6-5. 1.2. 1.4  Interpretation  of  Data  6-22 

6-5. 1.2. 2 Flight  Tests  6-22 

6-5.1 .2.2.1  Required  Instrumentation  6-2'i 

6 5.1.2.2.2  Flight  Condi. ions  6-22 

6-5.2  NONROTATING  SYSTEM  6-22 

6-5.2.  i Pilot's  Controls  to  Power  Actuator  6-23 

6-5  2.2  Power  Actuator  to  the  Swashplaie  6-24 

6-5.3  . TRIM  SYSTEMS  6-25 

6-5.3. 1 Disconnect  Ttim  6-25 

6-5. 3. 2 Continuous  Trim  6-25 

6 5 3.3  Parallel  and  Series  Trim  6-26 

6-6  SYSTEM  DEVELOPMENT  6-26 

\ 6-6.1  GENERAL 6-26 

'\6-6  2 MATHEMATICAL  MODEL  IMPROVEMENT  6-26 


AMCP  706-202 


TABLE  OF  ('OMiMSiC  onttnutfli 

Paragraph  Page 


6-6.2.I  Wind  Tunnel  Test  -26 

6-6.2.2  Hardware  Bench  Tests  6-27 

6-6.3  GROUND-BASED  PILOTED  FLIGHT  SIMULATION  6-27 

6-6.4  FLIGHT  TESTS  6-25 

6- 6.5  DESIGN  REVIEW  6-28 

REFERENCES  6-28 

CHAPTER  7 

EL  ECTRICAL  SUBSYSTEM  DESIGN 

7- 0  LIST  OF  SYMBOLS  7-1 

7-1  INTRODUCTION  7-1 

7-1.1  GENERAL  7-1 

7-1.2  SYSTEM  CHARACTERISTICS  7-1 

7-1.3  LOAD  ANALYSIS  7-2 

7-1.4  LOAD  ANALYSIS  PREPARATION  7-2. 

7-1.5  MANUAL  FORMAT  7-3 

7-1.6  AUTOMATED  FORMAT  7-3 

7-1.7  SUMMARY  7-4 

7-2  GENERATORS  AND  MOTORS  7-4 

7-2.1  GENERAL  7-4 

7-2.2  AC  GENERATORS  (ALTERNATORS)  7-6 

7-2.2. 1 Electrical  Design  7-6 

7-2.2.2  Mechanical  Design  7-6 

7-2.2.3  Cooling  7-7 

7-2.2 .4  Application  Checklist  ...  7-8 

7-2.2. 5 Variable-frcaqency  AC  Generators  7-8 

7-2.3  STARTER/GENERATORS,  DC  GENERATORS,  AND  STARTERS  ..  7-9 

7-2.3. 1 Starter/Generator  7-9 

7-2. 3. 2 DC  Generators  7-10 

7-2. 3. 3 DC  Starters  7-11 

7-2  3.4  Boost  Starting  System  7-11 

7-2.4  ELECTRICAL  MOTORS  7-13 

7-2  5 ELECTRICAL  SYSTEM  CONVERSION  7-14 

7-2.5. 1 AC  to  DC  Converters 7-14 

7. 2. 5. 2 DC  to  AC  Converters  7-15 

7-3  BATTERIES  7-15 

7-3.1  BAT  TERY  CHARACTERISTICS  7-15 

7-3.2  GENERATOR  CONTROL  BATTERY  CHARGING  7-15 

7-3.3  UTILIZATION  LOAD  ANALYSIS  7 56 

7-3.4  HEAVY  CURENT  STARTING  REQUIREMENTS  7-17 

7-3.5  MAINTENANCE  7-18 

7-4  VOLTAGE  REGULATION  AND  REVERSECURRENT  RELAY  7-18 

7-4.1  DC  VOLTAGE  REGULATION  7-18 

7-4.1. 1 Voltage  Regulator  ...  7-18 

7-4.12  Reverse  Current  Relays  7-19 

7-4. 1.3  Overvoltage  Relays  7-19 

7-4.2  AC  VOLTAGE  REGULATION  7-19 

7-5  OVERLOAD  PROTECTION  7-19 

7-5.1  GENERAL  7-59 

7-5.2  OVERLOAD  PROTECTION  DEVICES  7-20 


AMCP  706  202 


TARU-:  or  ( OM  IMSK  imlinuid) 


Paragraph 


Pape 


7-5.2! 
7-5.2. 1! 
7-5.2. 1.2 
7-5  2.2 
7-52.3 
7-52.4 
7-5.3 
7-6 
7-6.1 
7-6.2 
7-6.3 
7-6.4 
7-6.5 
7-6.5. 1 
7-6.5. 2 
7-6.5. 3 
7-6.5. 3.1 
7-6.5. 3. 2 
-6.5.3. 3 
7-7 
7-7.1 
7-7.2 
7-7.3 
7-7.4 
7-7.5 
7-7.6 
7-7.7 
7-7.8 
7-8 
7-8.1 
7-8. 1.1 
7-8.1. 1.1 
7-8. 1.1. 2 
7-8.1. 1.3 
7-8. 1.1.4 
7-8. 1.1. 5 
7-8. 1.1. 6 
7-8. 1.1. 7 
7-8. 1.2 
7-8.2 
7-8.2. 1 
7-8.2.2 
7-9 
7-9.1 
•’-9.2 
7-9.3 
7-9.4 


Circuit  Breakers  

Thermal  Circuit  Breakers  

Magnetic  Circuit  Breakers  

Remote  Control  Circuit  Breakers  

Current  Sensors  

F uses  

OVERLOAD  PROTECTION  APPLICATION  

ELECTROMAGNETIC  INTERFERENCE  (EMI/EMC)  

GENERAL  

ACCEPTABILITY  REQUIREMENTS  

INTERFERENCE  SPECIFICATIONS  

INTERFERENCE  SOURCES  

INTERFERENCE  SUPPRESSION  

Interference-free  Components  

Equipment  Isolation  and  Cable  F outing  

Source  Suppression  and  Susceptibility  Reduction  

Grounding  and  Bonding  

Shielding  

Filters  

ELECTRICAL  SYSTEM  INSTALLATION  

GENERA! 

EQUIPMENT  INSTALLATION  

ELECTRICAL  WIRE  BUNDLES  

TERMINAL  STRIP  INSTALLATION  

ENGINE  COMPARTMENT  WIRING  

DOOR  HINGE  WIRE  BUNDLE  ROUTING  

WIRING  TO  MOVING  COMPONENTS  

BATTERY  INSTALLATION  

COMPONENTS  

WIRE  

Wire  Insulating  Materials  

Polyethylene  

Polyvinylchloride 

Fluorinated  Ethylene  Propylene 

Polychlorotrifluoroethylenc  

Polyhexamethylene-adipamide  

Tetrafluoroethylene  

Dimcthyl-siloxune  Polymer 

Military  Wire  Specifications  

FITTING*  

Terminal  Strips  

Connectors  . 

LIGHTNING  AND  STATIC  ELECTRICITY 

GENERAL  

LIGHTNING  PROTECTION  FOR  ELECTRONIC  SUBSYSTEMS 

STATIC  ELECTRICITY  

LIGHTNING  AND  STATIC  EL  ECTRICITY  SPECIFICATIONS  

REFERENCE  


7-20 

7-20 

7-20 

7-20 

7-20 

7-20 

7-21 

7-21 

/-2I 

7-21 

7-21 

7-21 

7-22 

7-22 

7-22 

7-23 

7-23 

7-2.3 

7-24 

7-24 

f 'll 
/ “4.M 

7-24 

7-25 

7-25 

7-26 

7-26 

7-26 

7-27 

7-27 

7-27 

7-27 

7-27 

7-27 

7-28 

7-28 

7-28 

7-28 

7-28 

7-28 

7-29 

7-29 

7-29 

7-29 

7-29 

7-30 

7-31 

7-32 

7-32 


AMCP  706-202 


Paragraph 


8 1 
8- 1.1. 
8-1.2 
8-1.3 
8-1.4 
8-2 
8-2.1 
8-2.2 
8-2.3 
8-3 
8-3.1 
8-3.2 
8-3.3 
8-3.3. 1 
S-3.3.2 
8-33.3 
8-3. 3.4 
8-3. 3. 5 
8-3.36 
8-3. 3. 3 
8-3.4 
8-3.5 
8-3.6 
8-4 
8-4.1 
8-4.2 
8-4.3 
8-4.4 

O AC 

8-4.6 

8-4.6. 1 

8-4.6.2 

8-4. 6.3 

8-4.7 

8-5 

8-5.1 

8-5.2 

8-5.3 

8-5.3. 1 

8-5.32 

8-5. 3. 3 

8-5.34 

8-5.35 

8-5.36 


TABLE  OF  CONTENTS  ( Continued ) 


CHAPTER  8 

AVIONIC  SUBSYSTEMS  DESIGN 

INTRODUCTION  

GENERAL  

ELECTROMAGNETIC  COMPATIBILITY  P ROGRAM 

DESIGN  CONSIDERATIONS  

ENVIRONMENTAL  ASPECTS  

COMMUNICATION  EQUIPMENT  

GENERAL  

MICROPHONE-HEADSET  

INTERCOMMUNICATION  SELECTOR  BOX  

NAVIGATIONAL  EQUIPMENT  

GENERAL  

TERMINAL  MANEUVERING  EQUIPMENT  

EN  ROUTE  NAVIGATION  EQUIPMENT  

1 Automatic  Direction  Finder  (ADF)  

Distance-measuring  Equipment  (DMF)  

Tactical  Air  Navigation  (TACAN)  

Long-range  Navigation  (LORAN)  

Compasses  

Doppler  Navigation  Systems  

Inertial  Navigation  Systems  

INTERDICTION  EQUIPMENT  

LOW-LIGHT-LEVEL  NAVIGATIONAL  EQUIPMENT 

STATION-KEEPING  EQUIPMENT  

FIRE  CONTROL  EQUIPMENT  

GENERAL  

INSTALLATION  

SIGHTING  STATION  

SENSORS  

ri-«10l  ITCDC 



FIRE  CONTROL  ACCURACY  

Inertial  Stabilization  

Fire  Control  Datum  Plane  

Harmonization  

COMPONENT  LOCATION  

ANTENNAS  

GENERAL  

ANTENNA  DEVELOPMENT  

LOCATION  AND  INSTALLATION  OF  ANT  ENNAS  . 

Communication  Antenna  Considerations  

Low  Frequency  (LF)  

High  Frequency  (HF) 

Very  High  Frequency  (VHF)  

Ultra  High  Frequency  (UHF)  

Special  Purpose  

REFERENCES  


Page 


8-1 

84 

£-1 

8-2 

8-2 

8-3 

8-3 

8-4 

8-4 

8-4 

8-4 

8-5 

fc-5 

8-5 

8-5 

8-6 

8-6 

8-6 

86 

5- 6 
8-7 
8-7 
8-7 
3-7 
8-7 
8-8 
8-8 
8-8 

6- 9 
8-9 
8-9 
8-9 
8-10 
8-10 
8-10 
8-10 
8-11 
8-32 
8-13 
0-13 
8 S3 
8-14 
8-14 
8- >4 
8-14 


AMCP  706-30? 


r. , 

i* 

t,  1 


■ n 


’ t <> 


3 


Paragraph 


9-0 
9-1 
9-2 
9-2.1 
9-2. 1.1 
9-2.1. 2 
9-2.2 
9-2.2. 1 
9- 2.2.2 
9-2.2. 3 
9-2.2.4 
9-2.2.S 
9-2.3 
, 9-2.3. 1 
9-2.12 
9-2. 3.3 
9-2.4 
9-2.5 
9-2.6 
9-2.6. 1 
9 2.6.1.1 
9-2.6. 1.2 
9-2.6. 1.3 
9-2  6.1.4 
9-2.6.2 
9-2.6.3 
9-2.64 
v 2.6.4.  i 
9-2.6.4.2 
9-2  6.4.3 
9-2.6.44 
9-2.6.S 
9-2.66 
9-2.6.7 
9-2.68 
9-2.69 
9-2.6.10 
9-2.7 
9-2.7. 1 
9-2.7. l.l 
9-2.7  1.2 
9-2.7. 13 
9-2.7. ! .4 
9-2.7. 1.5 
9-2.7. 2 
9-2.7. 3 
9-2.7. 4 
9-27.5 


TABLE  OF  CONTENTS  (Continued) 


Page 


CHAPTER  9 

HYDRAULIC  AND  PNEUMATIC  SUBSYSTEMS  DESIGN 

LIST  OF  SYMBOLS  9-1 

INTRODUCTION  9-t 

HYDRAULIC  SUBSYSTEMS  9-1 

FLIGHT  CONTROL  POWER  SYSTEMS  9-1 

Central  Hydraulic  System  9-1 

Flight  Control  Subsystems 9-2 

UTILITY  HYDRAULIC  SYSTEMS  9-2 

Engine-starting  Subsystems  9-2 

Cargo  Door  and  Ramp  System  9-3 

Cargo  and  Personnel  Hoist 9-4 

Rotor  Brake  9-4 

Wheel  Brakes  9-5 

HYDRAULIC  SYSTEM  RELIABILITY  9-5 

Flight  Control  Redundancy  9-5 

Utility  System  Redundancy  9-5 

Miscrljrneoits  Reliability  Aspects  9-5 

HYDRAULIC  SYSTEM  STRENGTH  CONSIDERATIONS  9-6 

HYDRAULIC  SYSTEM  TEMPERATURE  CONSIDERATIONS  9-6 

HYDRAULIC  SYSTEM  DESIGN  9-7 

Survivability.  Reliability,  and  Safety  Trade-offs  9-7 

Reservoir  Level  Sensing  9-8 

System  Switching  Concepts  * J?-8 

Return  Pressure  Sensing  9-9 

Switching  and  Return  Pressure  Sensing  9-9 

Operating  Pressure  Considerations  9-10 

Selection  of  Fluid  Medium  9-10 

Filtration  (Contamination)  9 TO 

Fluid  FiiirauOii  9-10 

Ground  Operation  Filtration  9-11 

Filtration  Level  9-1) 

Externa!  Contamination  9-11 

Fittings  9-1  i 

Dynamic  Fluid  Connections  9-12 

Peak  Power  Levels 9 H 

APU  anr*  Engine  Starting  „> 

System  Heat  Rejection  Characteristics  . 9-13 

System  Analysis  9-13 

HYDRAULIC  COMPONENT  DESIGN  AND  SELECTION  M2 

Actuators  9-13 

Rip-stop  Protection  9-i5 

Endurance  Testing  Requirements  9-J* 

Sea!  Alternatives  0-1S 

Materials  and  Stress  Coi.sidctations  9-16 

Genera!  Requirements  9-16 

Hydraulic  Pumps  f ill 

Accumulators  9->9 

Reservoirs  9-20 

Pressure  Relief  9-20 


xv 


AMCP  706-202 


L. 


TABI.K  OK  COVI  K VI S i ( ontinucdi 


Paragraph  Page 


9-2. 7.6  Pressure  Regulation  9-20 

9-2. 7. 7 Filters  9-2 1 

9-2. 7. 8 Check  Valves  9-21 

9-2. 7. 9 Pressure  Switches  9-22 

9-2.7.10  Pressure  Transmitters 9-22 

9-2.7.11  C ontrol  Selector  Valves  9-22 

9-2.7.12  Restrictors  9-29 

9-2.7.13  Separate  Servos  9-25 

9-2.7.14  Allowable  External  Leakage  9-25 

9-2.8  HYDRAULIC  SYSTEM  INSTALLATION  9 25 

9-2.8. 1 Use  of  Hoses  and  Swivels  9-25 

9-2. 8. 2 Maintenance  Access  9-25 

9-2.8  3 Hard  Versus  Soft  Installations  9-26 

9-2. 8.4  Component  Mounting  Concepts  9-26 

9-2. 8. 5 Miscellaneous  Installation  Considerations  9-27 

9-2.9  MISCELLANEOUS  DESIGN  CRU  ERIA  9-27 

9-2.9. 1 Actuators  and  Associated  Equipment  Design  9-27 

9-2. 9. 2 Brake  Design  9-28 

9-2.9. 3 Control  System  Design  9-29 

9-2.9.4  Electrical  Design  9-29 

9-2.9. 5 Kilter  Design  9-29 

9-2  9.6  Fittings  Design  9-30 

9-2.9. 7 Gage  and  Indicator  Design  9-30 

9-2  9.8  Hose  Design  9-30 

9-2  9.9  Pump  Design  9-30 

9-2.9.10  Reservoir  Design  9-31 

9-2.9.11  Valve  Design  9-31 

9-2.9.12  Lubrication  9-32 

9-3  PNEUMATIC  SYSTEMS  9-32 

9-3.1  PNEUMATIC  SYSTEM  DESIGN  9-32 

9-3. LI  System  Analysis  9-32 

9-3. 1.2  System  Redundancy  9-33 

9-3.2  COMPONENT  DESIGN  9-33 

9-3.2. 1 Air  Compressors  9-33 

9-3  2.1.1  Positive  Displacement  9 33 

9-3. 2. 1.2  Dynamic  Displacement  9-34 

9-3. 2. 2 Compressed  Air  Supply  System  Selection  and  Operation  9-34 

9-3. 2. 3 Moisture  Separators  9-34 

9-3. 2.4  Dehydrators  9-35 

9-3. 2. 5 Filters  9-35 

9-3. 2.6  Valves  9-36 

9-3. 2.6.1  Check  Valves  9-36 

9-3. 2.6  . 2 Relief  Valves  9-37 

9-3. 2.6.3  Pressure-reducing  Valves  9-38 

9-3. 2.6.4  Pressure  Regulators  9-38 

9-3. 2.6. 5 Directional  Control  Valves  9-38 

v-3.2.7  Pressure  Gages  9-41 

9-3. 2. 8 Air  Storage  Bottles  9-42 

9-3. 2.9  Subsystem  Components  9-43 

9-3. 2.9. 1 Actuators  9-43 


n xvi 


4. 


f 

l 


'I '4RI.il  Of-  ( OVI  l.\'ISi<  ontinuedi 


Paragraph  Page 

9-3.2  9.2  Brake  Valves  9-44 

9-3. 2.9, 3 Pneumatic  F uses  9-44 

9-3. 2.9.4  Quick-disconncctr. 9-44 

9-3.3  PNEUMATIC  SYSTEM  INSTALLATION  AND  QUALIFICATION  ...  9-44 

9-3  4 PITOT-STATIC  SUBSYSTEM  DESIGN  945 

9-3.4  ! Altimeters  9-45 

9-3. 4. 2 Ratc-of-climb  Indicator  9-46 

9-3.4. 3 Airspeed  Indicators 9-46 

9-3.4  4 Total-pressure  Sources  9-47 

9-3.4. 5 Static  Pressure  Sources  9-47 

9-3.4  6 Pitot-static  Tubes  9-48 

REFERENCES  9-48 


10-1 
10-2 
10-2.1 
10-2.2 
10-2.3 
1 0 2.4 
10-2.4.1 
10-2.4.2 
10-2.4.3 
10-3 
10-3. 1 
10-3.2 
10-3.3 
10-3.4 
10-3  5 
10-3.6 
10-4 
10-4.1 
10-4.2 
10-4.3 
10-5 
10-5.1 
10-5.2 
(0-6 
10-6.1 
10-6.2 
10-6.2.1 
10-6.2.2 
10-6.2.3 
10-6.3 
10-7 
10-7.5 
10-7.2 
10-7.3 


CHAPTER  10 

INSTRUMENTATION  SUBSYSTEM  DESIGN 

INTRODUCTION  

INSTRUMENTATION  LIGHTING  REQUIREMENTS  . 

GENERAL  

LIGHTING  INTENSITY  CONTROL  

LOW  INTENSITY  READABILITY  


w*DWjwr.  CAUTION,  AND  .ADVISORY  SIGNALS 

Warning  Signals  

Caution  Signals  

Advisory  Lights  

FLIGHT  INSTRUMENTS  


GENERAL  

AIRSPEED  INDICATORS  

ALTIMETERS  

TURN-AND-BANK  INDICATORS  

ATTITUDE  INDICATOR  

RATE-OF-CLIMB  INDICATORS  

NAVIGATIONAL  INSTRUMENTATION  

GENERAL  

TYPESOF INSTRUMENTS  

MAP  DISPLAYS  

HELICOPTER  SUBSYSTEM  INSTRUMENTATION  

GENERAL  

INSTRUMENTATION  REQUIRED  

WEAPON  SYSTEM  INSTRUMENTATION  

GENERAL  

DESIGN  REQUIREMENTS  

Arming,  Fuzing,  and  Suspension  and  Release  Control  Design 
Human  Fa  ctors  Considerations 


Indicator  Design  

WEAPON  SELECTION  CONTROLLLR/PROG RAMMER 

TYPES  OF  INSTRUMENT  

INSTALLATION  

VIBRATION  

ACCESSIBILITY  AND  MAINTENANCE  

REFERENCES  


10-1 

10-1 

10-1 

10-1 

10-2 

•0-2 

10-2 

10-2 

10-3 

10-3 

10-3 

10-3 

10-3 

10-3 

10-3 

10-5 

10-5 

• a e 

IU-3 

10-5 

10-7 

10-7 

10-7 

10-7 

10-7 

10-7 

10-8 

10-8 

10-8 

10-8 

10-9 

10-9 

10-10 

10-10 

10-10 

10-10 


XVII 


m 

>•’  it  : * 

h-\- 


HNGt  706-302 


12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

xviii 


CHAPTER  12 

LANDING  GEAR  SUBSYSTEM 

0 LIST  OF  SYMBOLS  

1 GEAR  TYPES  

1.1  WHEELGEAR  

1.1.1  General' 

1.1.2  Component  Design  and  Selection 

1.1. 2.1  Tires  

1.1. 2.2  Wheels  

LI. 2.3  Shock  Struts  

1.1. 2.4  Brakes  

I 2 SKID  GEAR  


1.2,1 

General  

1.2.2 

Ground-handling  Wheels 

1.2.3 

Scuff  Plates  

13 

RETRACTABLEGEAR 

1.3.! 

General  

1.3.2 

Actuation  

1 3.3 

Emergency  Extension  , . . 

TABLE  OF  CONTENTS  ( Continued ) 

Paragtaph 

CHAPTER  11 

AIRFRAME  STRUCTURAL  DESIGN 

1 1-0  LIST  OF  SYMBOLS  

11-1  INTRODUCTION  

1 1-2  DESIGN  CONSIDERATIONS  

1 1-2. 1 WEIGHT  

11-2.2  SURFACE  SMOOTHNESS  

11-2.3  STIFFNESS  AND  RUGGEDNESS  

11-2.4  FATIGUE  SENSITIVITY  

11-2.5  COST  

11-2.6  MATERIALS  

11-2.7  SURVIVABILITY  

11-3  DESIGN  AND  CONSTRUCTION  

11-3.1  FITTINGS  

1 1-3.2  SUPPORTS  

11-3.3  FRAMES  

11-3.4  BULKHEADS  

11-3.5  SKIN  SUBSYSTEMS  

11-3  6 CORROSION  PROTECTION  

* i -3.7  ELEC  TRICAL  BONDING  

11-4  CARGO  COMPARTMENT  

11-4  ! STATIC  LOADS  

11-4.2  CRASH  LOADS  

11-5  TRANSPARENT  AREAS  

11-6  DEVELOPMENT  

11-7  MANUFACTURE  

11-K  SUBSTANTIATION  

1 1-8.1  ANALYSIS  

11-8.2  TESTING  

REFERENCES  


“V 


Page 


II 
It 
II 
11 
II 
II 
II 
II 
II 

11-4 

5 
5 

5 

6 
6 
6 
7 
7 
7 
9 

11 

12 
12 
12 
13 
13 
13 


12-1 
12-1 
12-1 
12-1 
12-3 
12-3 
12-4 
12-5 
12-8 
12-8 
! 2-8 
12-8 
12-9 
12-9 
12-9 
12-9 
12-9 


V*  ' 


iCriiLffirrf.iLirtit 


AMCP  706-202 


TABLE  OK  C'ONTK.NTS  (Continued ) 


Paragraph 


Page 


12-5.4 

12-1.4.1 

12-1.4.2 

12-2 

12-3 

12-4 

12-4.1 

12-4.2 

12-4.3 

12-4.4 

12-4.5 


SKIS  AND  REAR  PAWS  

General  

Instaliatior  

LANDING  LOAD  ANALYSIS  

AVOIDANCE  OK  GROUND  RESONANCE  . 

WATER-LANDING  CAPABILITY  

GENERAL  

PRIME  CAPABILITY  

ADDITIONAL  CAPABILITY  

EMERGENCY  FLOTATION  CAPABILITY 

MODEL  TESTS  

REFERENCES  .'. 


12-9 

12-9 

v 12-10 

’ 12-11 

12-11 
1212 
12-12 
12-12 
12-12 
12-13 
12-14 
12-14 


CHAPTER  13 

CREW'  STATIONS  AND  CARGO  PROVISIONS 

13-0  LIST  OF  SYMBOLS  > 13-1 

13-1  INTRODUCTION  13-1 

13-2  PERSONNEL  ACCOMMODATIONS  13-1 

13-2.1  COCKPIT  .j.. ! 3- ! 


13-2.1.1  General  Vision  Requirements  13-2 

13-2.1.2  Controls  13-2 

13-2.1.2.1  Pitch  Controls  13-2 

13-2.1.2.2  Directional  Control  Pedals 13-3 

13-2.1.3  Seats.  Belts,  and  Harnesses  13-3 

1 3-2. 1.3. 1 Crew  Seats  13-3 

13-2.13.2  Belts  and  Harnesses  13-4 

13-2.1.4  Map  and  Data  Cases  13-5 

13-2.2  PASSENGER  COMPARTMENT  13-5 

13-2.2.1  Troop  and  Passenger  Seats  13-5 

13-2.2.2  Color  13-5 

13-2.2.3  Upholstering  and  Carpeting  i 3-5 

13-2.2.4  Smoking  Provisions  13-5 

13-2.2.5  Signal  Lights  and  Alarm  Bells  13-5 

13-2.2.6  Acromedical  Evacuation  13-5 

13-2.3  SURVIVAL  EQUIPMENT  13-6 

13-2.3.1  Inflight  Escape  and  Survival  Equipment  13-6 

13-2.3.2  Ground  Escape  and  Ditching  Provisions  13-7 

13-2.3.3  Emergency  Lighting  Provisions  13-7 

13-2.3  4 Life  Rafts  13-7 

13-2. 3. 5 Survival  Kits  13-7 

13-2.3.6  First  Aid  ' 13-7 

1.3-2. 3. 7 Fire  Extinguishing  Systems  and  Axe  13-7 

13-2  4 ENVIRONMENTAL  CONTROL  13-7 

13-2.4.1  Ventilation.  Heating,  and  Cooling  13-7 

13-2,4.2  Windshield  Defogging  and  Deicing  Equipment 13-8 

13-2.4.3  Acoustical  Environment  13-8 

13-2.5  SIGHTS  AND  SIGHTING  STATIONS  13-8 

13-2.5.1  Direct-viewing  Sights  13-8 

13-2,5.2  Helmet  Mounted  Sight  13-9 


\i\ 


ttjsustm 


1 AM .E  OK  C OSllA1  N i ( iHiiinucii  i 


Paragraph 


13-2.5.3  Indirect  Sights  13-9 

13-2.5.4  Missile  Sighting  Stations  13-9 

13-3  LIGHTING  SYSTEMS  13-9 

13-3.1  EXTERIOR  LIGHTING  SYSTEM  13-9 

13-3. 1. 1 Anticollision  Light  System  13-9 

I 13-3.1.2  Formation  Lights  13-9 

13-3.1.3  Landing/Taxi  Light  13-10 

13-3. 1.4  Searchlight  13-10 

13-3.1.5  Floodlight  System  13-10 

13-3.1.6  Position  Lights  13-10 

13-3.2  INTERIOR  LIGHTING  SYSTEM  13-10 

13-3.2.1  Cabin  and  Compartment  Lighting  13-10 

13-3.2.2  Cockpit  Lighting  13-10 

13-3.2.2.1  Utility  Lights  13-10 

13-3.2.2.2  Secondary  Lighting  13-10 

13-3.2.3  Panel  Lighting  13-10 

13-3.2.4  Interior  Emergency ! :®his  13-10 

13-3.2.5  Portable  Inspection  Lights  13-10 

13-3.2.6  Troop  Jump  Signal  Light  13-11 

13-3.2.7  Warning,  Caution,  and  Advisory  Lights  13-11 

13-3. ?. 8 Instalment  ’and  Lighting  13-11 

13-3. 2.V  Cargo  Compartment  Lighting  13-11 

13-4  CARGO  PROVISIONS  13-11 

13-4  I INTERNALCARGO  13-11 

13-4.1.1  Cargc  Compartment  Layout  13-11 

13-4.;. 2 Detail  Design  13-11 

13-4.1.3  Loading  Aids  13-13 

13-42  EXTERNALCARGO  13-14 

13-4.2. 1 StaticLoads 13-18 

13-4.2.2  Dynamic  Loads  13-18 

13-4.2.3  Winches  and  Hooks  13-19 

13-4.2.4  System  Safety  13-20 


CHAPTER  14 

ARMOR,  ARMAMENT,  AND  PROTECTIVE  SUBSYSTEMS  DESIGN 


14-0  LIST  OF  SYMBOLS  14-1 

14-1  INTRODUCTION  14-1 

14-2  ARMAMENT  SYSTEMS  14-1 

14-2.1  GUNS  14-1 

14  2.1.1  Types  14-1 

14-2.1.2  Location  14-2 

14-2.1.2.1  Projectile  Flight  Tath  14-3 

14-2.1.2.2  Blast  Effects  14-3 

14-2.1.2.3  Dcbi  is  Ejection  Path  14-3 

14-2.1.2.4  External  Gun  Jettisoning  14-3 

14-2.1.2.5  Accessibility  14-3 

14-2.1.2.6  Dynamic  Forces  144 


xx 


AMCP  706-202 


TARI.K  OK  CONTEMN  i ( ontinued  i 


Paragraph 


Page 


14-2-1.3 

14  2. 1.3. 1 

14-2.1.3  2 

14-2.1.3.3 

14-2.1.4 

14-2.1.5 

14-2.1.6 

14-2.2 

14-2.2.1 

14-2.2.2 

14-2.2.3 

14-2.2.4 

14-2.2.5 

14-2.2.6 

14-2.2.7 

14-2.2.8 

14-2.2.9 

14-2.2.  iO 

14-2.2.11 

i 4-2,2. i 2 

14-2.2.13 

14-2.2.14 

14-2.3 

14-2.3.1 

14-2.3.2 

14-2.3.3 

14-2.3.4 

14-2.3.5 

14-2  3.6 

14-2.3.7 

14-2.3.8 

14-2.3.9 

14-2.3.10 

14-2.4 

14-2.4.1 

14-2.4.2 

14-2.4.3 

14-2.4.4 

14-2.4.5 

14-2.4.6 

14-2.4.7 

14-2.4.8 

14-3 

14-3.1 

14-3.2  > 

14-3.2.1 

143.2.2 

14-3.2.3 

14-3.2,4 

14-3.2.5 


Types  of  Installations  

Pod  Installations  

Turret  Installations  

Pintle  Guns  

Ammunition  Storage  

Ammunition  Feed  

Boresighting  and  Harmonization  

GUIDED  MISSILES  

Location  of  Launcher  Installations  

Structural  Clearance  

Blast  Protection  

Accessibility  

Firing  Circuit  Testing  

Jettisoning  

Effects  of  Aircraft  Maneuvers  

Types  of  Installations  

Loading  

Aerodynamic  Effects  

Suspension  and  Retention  

Launch  initiation  

Restraining  Latch  

Forced  Ejection  

ROCKETS  

Rocket  Launcher  Installations  

Launch  Tube  Materials  

Launcher  Mounting  

Number  of  Rockets  

Load  Requirements  

Ground  Safety  

Restraining  Latches  

Firing  Contacts  

Intervalomctcr  

Launcher  Fairing  

SAFETY  CONSIDERATIONS  

Safety  Criteria  

Fire  Interrupters  

Contour  Followers  

Burst  Limiters  

Cockpit  Noise  

Debris  Disposal  

Toxic  Explosive  Gas  Protection  

Turret  Master  Power  Switch  

PROTECTIVE  SUBSYSTEMS  

GENERAL  

DEVELOPMENT  OF  VULNERABILITY  REDUCTION  SYSTEMS  .. 

Vulnerability  Analysis  

Vulnerability  Reduction  Checklist  . 

Vulnerability  Data  Presentation  

Aircrew  Armor  Configuration  Development  

Armor  Material  Selection  


14-4 

14-4 

14-4 

14-5 

14-5 

14-6 

14-6 

14-6 

14-6 

14-7 

14-7 

14-7 

14-7 

14-7 

14-7 

14-7 

14-7 

14-7 

14-7 

!4-S 

14-8 

14-8 

14-8 

14-8 

14-9 

!4-9 

14-9 

14-9 

14-9 

14-4 

14-9 

14-10 

14-10 

14-10 

14-10 

14-10 

14-11 

14-11 

14-1 ! 

14  1 1 

14-12 

14-12 

14-12 

14-12 

14-13 

14-13 

14-16 

14-16 

14-16 

14-16 


xxi 


imjskm 


TABLE  OE  CONTENTS  ( Continued ) 

Paragraph  Page 


14-3.3  ARMOR  INSTALLATION  DESIGN  CONSIDERATIONS  14-18 

14-3.3. 1 Airc'cw  Torso  Armor  14-18 

14-3.3.2  Interchangeability  14-18 

14-3.3.3  Removability  14-18 

14-3.3.4  F’.ying  Qualities  14-19 

14-3.3.5  Immobilization  14-19 

14-3.3.6  Armor  Material  Attachmcnt/Installation  14-19 

14-3.3.6.1  Mounting  of  Armor  Plate  14-19 

14-3.3.6.2  Installation  Design  14  19 

14- 3.3.6.3  Bullet  Splash  and  Spall  14-20 

REFERENCES  14-20 

CHAPTER  15 

MAINTENANCE  AND  GROUND  SUPPORT  EQUIPMENT  (GSE)  INTERFACE 

15- 1  INTRODUCTION  1 5-1 

15-2  DESIGN  CONSIDERATIONS  AND  REQUIREMENTS  15-1 

15  2.1  SAFETY  i 5-1 

15-2.2  ACCESSIBILITY  15-2 

15-2.3  STANDARDIZATION  15-2 

15-7..4  HUMAN  ENGINEERING  15-3 

15  2.5  INSPECTION.  TEST.  AND  DIAGNOSTIC  SYSTEM  15-3 

15-3  PROPULSION  SUBSYSTEM  INTERLACES  15-3 

i 5-3.1  GENERAL  15-3 

1 5-3.2  INTERCHANGEABILITY/QUICK-CHANGE  15-4 

15-3.3  CONNECTORS  AND  DISCONNECT  POINTS  15-4 

15-3.4  INSPECTION  AND  TEST  POINTS  15-4 

15-3.5  OIL.  EUEL.  AND  LUBRICATION  15-4 

15-3.6  GROUNDING  15-4 

15-3.7  STARTING  15-4 

15-3.8  GROUND  HEATERS  15-4 

15-3.9  ENGINE  WASH  15-5 

15-4  TRANSMISSIONS  AND  DRIVES 15-5 

15-5  ROTORS  AND  PROPELLERS  15-5 

15-6  FLIGHT  CONTROLS  15-5 

15-6.1  ROTATING  SYSTEMS  15-5 

15-6.2  NONROTATING  SYSTEMS  15-5 

15-6.3  TRIM  SYSTEMS  15-5 

15-7  ELECTRICAL  SUBSYSTEMS  15-6 

15-8  AVIONIC  SUBSYSTEMS  15-6 

15-8  1 COMMUNICATION  SYSTEMS  15  6 

15-8.2  NAVIGATION  SYSTEMS  15-6 

15-9  HYDRAULIC  AND  PNEUMATIC  SUBSYSTEMS  15-6 

15-9.1  HYDRAULIC  SUBSYSTEM  15-7 

15-9.2  PNEUMATIC  SUBSYSTEM  15-7 

15-10  INSTRUMENTATION  SUBSYSTEMS  15-7 

15-10.1  FLIGHT  INSTRUMENTS  15-7 

15-10.2  NAVIGATION  INSTRUMENTS  15-7 

15-10.3  AERIAL  VEHICLE  SUBSYSTEM  INSTRUMENTATION  15-7 

15-11  AIRFRAME  STRUCTURE  15-7 

15-12  LANDING  GEAR  SUBSYSTEM  15-8 


.*'1 


AMCP  706202 


TABLE  oK CONTF.N1  S -Continued) 


Paragraph 


Page 


15-13  CREW  STATIONS  15-8 

15-14  ARMAMENT,  ARMOR,  AND  PROTECTIVE  SYSTEMS  15-8 


16-0 
16-1 
16-2 
16-2.1 
16-2.2 
16-2.2.1 
16-2.2.2 
16-2.2.3 
16-2.2.4 
16-2.3 
16-2.3.1 
16-2.3.2 
16-2.3.3 
16-2.3.4 
16-2.3.5 
16-2.3.6 
16-2.3.7 
16-3 
16-3.1 
16-3.2 
16  3.2.1 
16-3.2.2 
16-3.2.3 
16-3.3 
16-3.3.1 
16-3.3.2 
16-3.3.3 
16-3  3 4 
16-3.4 
16-3.5 
16-3.6 
16-3.7 
16-3.7.1 
16-3.7.2 
16-4 
16-4.1 
16-4.2 
16  4.2.1 
16-4.2.2 
16-4.2.2  I 
16-4.2.2.2 
16-4.2.2  3 
16-4.2.3 
16-4.2.4 
16-4.2.5 


CHAPTER  16 
STANDARD  PARTS 

LlSTOF SYMBOLS  

INTRODUCTION  

FASTENERS  

GENERAL  

THREADED  FASTENERS  

Screws  

Bolts  

Nuts  

Washers  

NONTHREADED  FASTENERS  

Rivets  

Pins  

Quick-release  F asteners  

Turnbuckits  and  Terminal:*  

Retaining  Rings  

Clamps  and  Grommets  

Self-retaining  Fasteners  

BEARINGS  

GENFRAl 

BALLBEARINGS  

Radial  Ball  Bearings  

Angular  Contact  Bearings  

Thrust  Bali  Bearings  

ROLLER  BEARINGS  

Cylindrical  Roller  Bearings  

Needle  Bearings  

Spherical  Roller  Bearings  

Tapered  Roller  Bearings  

AIRFRAME  BEARINGS  

SLIDING  BEARINGS  

LAMINATED  ELASTOMERIC  BEARINGS 

BEARING  SEALS  AND  RETAINERS 

Seals  

Bearing  Rcteniion  

ELECTRICAL  FITTINGS  

GENERAL  

CONNECTORS  AND  CABLE  ADAPTERS  . 

Connector  Selection  

Circular  Connectors  

Termination  Seals  

Cable  Adapters  

Connector  Couplings  

Rack  and  Panel  Connectors  

Flat  Conductor  Cable  Connectors  

Printed  Wiring  Board  Connector-.  


16-1 
16-1 
16-1 
16-1 
16-1 
16-1 
16-2 
16-2 
16-2 
16-3 
16  3 
It  3 
16-3 
16-3 
lt>4 
16-4 
164 
164 
164 
16  b 
16  8 
16-9 
16-10 
16-10 

16-10 

14  l A 
IU*|V 

16-11 

16-11 

16-12 

16-12 

16-14 

16-15 

16-15 

16-15 

16-16 

16-16 

16-16 

16-16 

16-18 

16-19 

16-19 

16-19 

16  19 

16-19 

16-19 


\ 


xxiii 


* 

t 


AMCP  706  202 


f 

( 

f 


Paragraph 


16-4.3 
16-4.4 
16-5 
16-5.1 
16-5.1.1 
16-5.1.2 
16-5.1.3 
16-6 
16-6.1 
16-6.2 
16-6.2.1 
16-6.2.2 
16-6.2.3 
16-6.2.4 
16-6.2.5 
16-6  2.6 
16-6.2.7 
16-7 
16-7.1 
16-7.2 
16-7.2.1 
16-7.2  2 
16-7.2.3 
16-7.2.4 
16-7.2  5 
16-7.3 
16-7  4 
16-8 
16-8  I 
16-8.2 
16  8.2.1 
16-8.2.2 
16  8 2 3 
16-8.24 
16-8.2.5 
16-8.3 
16-8.3  I 
16-8.3  2 
16-8.3.3 
16-9 
16-9,1 
16-9.2 
16-9.3 
i 6-9.4 
16-9.4.1 
16-9.4  2 
16-9.4.3 
16-9.4.4 
16-9.4.5 
16-9.5 


xxiv 


TABI.F  Ol  ( ON  1 INIs  i ( niitiniiit)  i 


Page 


TERMINAl  S 16  19 

TERMINAl  BOARDS  16-19 

ELECTRICAL  SWITCH!  S 16-20 

GENERA!  16-20 

Toggle  Switches  16-20 

Push-button  Switches  16  20 

Rotar\  Switches  16-22 

PIPE  AND  TUBE  EITTINGS  16  22 

GENERAL  16  22 

TYPES  OF  FITTINGS  16-22 

Tapered  Pipe  1 h reads  16  22 

Straight  Thread  F ittings  16-23 

Flared  Tube  Fittings  16-23 

Flarcless  Tube  Fittings  16-24 

Thin  Wall  Tube  Connectors  16-25 

Quick -disconnect  Couplings  16-25 

Permanent  F ittings  16  25 

CONTROL  F UI  LEYS  16-25 

GENERAL  16-25 

rui.LLi  bra.f.c  i icjis  in 

Pulle>  Diameter  1 6-26 

Pulley  Groove  16-26 

Pulley  Strength  16-26 

Pulley  Performance  16  26 

Nonmctallic  PuPejs  16-26 

PULLEY  INSTAl  I.ATION  16-26 

PULLEY  GUARDS  16-27 

PUSH-PULL  CONTROIS  AND  F-T.liXiBl.l  SHAF  TS  16  27 

GENERAL  16-27 

PUSH  PULL  CONTROLS  16-27 

Control  Travel  I6-2S 

Control  Loads  16-28 

Core  Configurations  16-28 

Conduit  16-28 

End  I'iltings  16-29 

FLEXIBLE  SHAF  TS  16-29 

Torque  Capacity  16-30 

Flexible  Power  Shafts  16-30 

Flexible  Control  Shafts  16-30 

CABLES  AND  W|RLS(STRUCTURAl  ) 16  31 

GENERAL  16-31 

PREFORMED  W!RF  STRAND  AND  CABLE 16-31 

TYPES  OF  CABLE  CONSTRUCTION  16-31 

CABLE  SELECTION  16  3 1 

Cable  Strength  16-32 

Cable  Deflection  16-32 

Operating  Characteristics  16  32 

Wire  Material  16-32 

Cable  Construction  16-32 

SAFETY  WIRE  AND  COTTER  PINS  16-32 

REFERENCES  16-3. 


4 


AMCP  706*202 


I 

s' 


ft 

i 

8 

& 

& 


b 

r 

c 


* 


»)■ 


Paragraph 


TAB!  1.  <)l  C ON  I I NIS  I ( ontmueil ) 


17-1 

17-2 


5 


17-2.1 

17-2.2 

17-2.2.1 

17-2.2.2 

17-2.2.3 

17-2.2  4 

17-2.3 

17-2.4 

17-2.5 

17-2.5.1 

17-2.5.2 

17-3 

17-3.1 

17-3.2 

17-3.3 

17-4 

17-4.1 

17-4.2 

17-4.2.1 

17-4.2.2 

17-4.2.3 

17-4.3 

17-43.1 

17-4.3.2 

17-4.3.3 

17-4.4 

P-4.5 

17-5 

17-5.1 

17-5.2 

17-5.2.1 

17-5.2.2 

17-5.2.3 

17-5.2.4 

17-5.2.5 

17-5.3 

17-5.4 

17-5.4.1 

17-5.4.2 

17-5.4.3 

17-5.5 

17-6 

17-6.1 

17-6.2 

17-6.3 

17  6.4 


\ 


CHAT  1I.R  17 


PROCESSES 

INTRODUCTION  

MIT  A l WORKING  

GENERAL 

CASTING  

Sand  Castings  

Investment  Castings  

Permanent  Mold  Castings  

Centrifugal  Castings  

FORGING  

EXTRUSION  

SHEET-METAL  FORMING  


Machine  Forming  

Shop  Fabrication  

MACHINING  

GENERAL  

MACHINING  OPERATIONS  

ELEMENTS  OF  MACHINING  DESIGN  . . . 

JOINING  

GENERAL  

WELDING,  BRAZING.  AND  SOLDERING 

Welding  

Brazing  

Soldering  

mechanical  fastening 

Rivets  

Bolts,  Nuts,  and  Washers  

Screws  

ADHESIVE  BONDING  — STRUCTURAL 


SWAGING  AND  CABLE  SPLICING 


HEAT  TREATMENT  

GENERAL  

HEAT  TREATMENT  METALLURGY 


Annealing  . . 
Normalizing 
.Stress  Relief 
Tempering  . 
Aging  


FERROUS  ALLOYS  .... 
NQNFERROUS  ALLOYS 


Aluminum  Alloys  

Copper  Alloys 

Titanium  Alloys  „ 

DESIGN  ASPECTS  OF  HEAT  TREATING 

WORK  HARDENING  

GENERAL  

FORMING  

ROLLER  BURNISHING  

SHOT-PEENING  


Page 


17-1 

17-1 

17-1 

17-1 

17-2 

17-2 

17-2 

17-2 

17-2 

17-2 

17-3 

17-3  1 

17-3 

17-4  | 

17-4 

17-5 

17-5 

17-6 

17-6 

17-7 

17-7 

17-8 

17-10 

17-10 

17-10 

17-11 

17-1 1 

17-12 

17-15 

17-16 

17-16 

17-17 

17-17 

17-17 

17-17 

17-17 

17-17 

17-17 

17-18 

17-18 

17-18 

17-18 

17-19 

17-19 

17-19 

17-19 

P-19 

17-20  ‘ 

xxv  | 


fMCP  706*202 


Firagraph 


TABLE  OF  tr-NTENTS  (Continued) 


Page 


17-7  TOOLING  17-20 

17-7.1  GENERAL  17-20 

17-7.2  SHOP  TOOLING  17-22 

17-7.3  AIRFRAME  TOOLING  17-22 

17-7.4  TEST  TOOLING  17-23 

REFERENCES  17-23 


APPENDIX  A 

EXAMPLE  OF  A PRELIMINARY  HEATING.  COOLING.  AND  VENTILATION  ANALYSIS 


A-l 
A-I.l 
A- 1.2 
A- 1.3 
A-L3.I 
A-l. 3.1.1 
A- 1.3. 1.2 
A-l. 3. 1.3 
A-l. 3. 2 
A-l. 3. 2.1 
A-l. 3. 2. 2 
A-l. 3.2.3 
A- 1.4 
A- 1.4.1 
A-l. 4.2 
A-l.4.2.1 
A-l.4.2.2 
A-l.4.2.3 
A- 1.4.3 
A-l. 5 
A-l. 5.1 

a * e ^ 
n*  i . j.x 

A-l. 5. 3 
A- 1.6 
A 1.6.1 
A-l. 6. 2 
A-2 
A-2.1 
A-2. 2 
A-2. 3 


A-2. 3. 1 
A-2. 3. 2 
A-2.4 
A-2.‘  ' 
A-2  4. 11 
A-2.4. 1.2 
A-2.4. 1,3 
A-2.4. 1.4 
A-2 .4.2 


HEATING  AND  VENTILATION  ANALYSIS  

DESIGN  REQUIREMENTS  

DESIGN  ASSUMPTIONS  

HEAT  LOSSES  

Cockpit  

Convection  

Infiltration  

Total  Cockpit  Heat  Loss  ". 

Cabin  

Convection  

Infiltration  

Total  Cabin  Heat  Loss 

VENTILATING  AIR  REQUIRED  

Based  on  Number  of  Occupants  and  Minimum  Ventilating  Rate  

Requirement  Based  on  Maximum  Allowable  Temperature  Difference  

Cockpit  Requirement  

Cabin  Requirement  

Total  Air  Requirement 

Total  Heat  Requirement  

HEATER  REQUIREMENTS  

Heat  Gained  

lu-  if  — » r> : 1 

iivcu  iwcjuncu  

Heater  Sue  

BLOWER  SIZE  

Volume  of  Air  to  be  Delivered  

Pressure  Drop  

COOLING  AND  VENTILATING  ANALYSIS  

DESIGN  REQUIREMENTS 

DESIGN  ASSUMPTIONS  

DETERMINATION  OF  EFFECTIVE  TEMPER, -TURF 
DIFFERENCES  ASSOCIATED  WITH  VARIOUS  SURFACES  OF 

THE  HELICOPTER  

Effective  Solar  Temperatures  

Effective  A Ts  

COCKPIT  HEAT  GAINS  

lonvection.  Infiltration,  and  Solar  Radiation  

Convection  Gains  

Infiltration  Gain  

Solar  Radiation  Gaii  

Total  Heat  Gain  Due  to  Convection.  Infiltration  and  Solar  Radiation  . 
Occupants  


A-l 

A-l 

A-' 

A-l 

A-l 

A-l 

A-2 

A-2 

A-2 

a-: 

A-2 

A-2 

A-2 

A-2 

A-3 

A-3 

A-3 

A-3 

A-3 

A-3 

A-3 

A T 
y-i-j 

A-4 
A -4 
A-4 
A-4 
A-4 
A-4 
A-4 


A-4 

A-4 

A-5 

A-5 

A-5 

A-5 

A-6 

A-6 

A-6 

A-6 


$zm 


‘•TT.-vSH:, 


| -n 


L-  ij  * . i 
?r«  ^ 


■:  -v 


$:!£.  No, 

, Wig.  2-1 
' >••>«.  2-2 
' fig.  2-3 

> t,1. 

' A Fig.  24 
■.'vrfjfig.  2-5 
rv'ef^ig.  2-6 
i^Fig.  2-7 
*\>F.g.  2-8 
#ig.  2-9 
r 'Fig.  2- SO 
-Fig.  3-S 
Fig.  3-2 
Fi-,3-3 
Fig.  3-4 
Fig.  3-5 
Fig.  3-6 
Fig.  3-7 
Fig.  4-1 
:,“Fig.  4-2 
jF‘g.  4-3 
'•Fig.  4 4 
Fig.  4-5 
.-'Fig.  4-6 
. <;  jFig.  4-7 
4-8 

■■Fig  4 9 

. ^ 5y\. 1 k 

tffig.4-H 
■‘j‘Fig.4-!4 
■'>'Fig..  4- 15 
,F)g  4.i« 

it^ghig.  4-iS 
$Fig.4-l9 

^■'g-4-20 

■'a'-'''F^.-^2! 

Fig.  4-22 
...  ...Fig. 4.-23 

,*V-?4 


■" , 4-F.ij-  4-26 
Fk  -H 

'■;Fig.  4-2? 
>$.4-29 
Fig.  4-3<j 
Fig  4-3! 
:Fii.4-„32 


WT 


«**>■« 


LIST  OF  ILLUSTRATES 

■ . '•  Titfc  : Y,  >. 


^hlgc 


Sandwich  Structure  J-21 

. Weight  Compamon  of  Materia  for  Equal  Deflrctinv  . . 2-22 

Comparative  Sonic  Fatigue  Resistance  of  Convention?-!  and  Sandwich 

Structures  2- 22 

Common  Honeycomb  Configurations  £-23 

Properties  of  Balsa  Wood  — Compressive  St  length  vi>  Density . >24 

Properties  of  Balsa  Wood  — “L"  Shear  Strength  vs  Densi  ty  2-24 

Typical  Stabilized  Compressive  Strength  2-24 

Typical  "L"  Shear  Strength ;2-24 

Typical  “L"  Shear  Modulus  f2-24 

Modes  of  failure  of  Sandwich  Composite  U ndev  Edgewise  Loads  ‘,2-27 

Submerged  Engine  Installation  (Example) 3-2 

Scmiexposed  Engine  Instcllaiion  (Example)  3-2 

Exposed  Ensimi  Installation  (Example)  3-3 

Typical  Fuel  Subsystem  3-10 

Typical  Fuel  Subsystem  With  Pressure  Refuet.ng  3-12 

Performance  Corrections  for  Duct  Losses  3-17 

A’lowabie  Combined  Iftle;  and  Exhaust  Duct  Pressure  Losses  3-1 7 

^Helicopter  Main  Ge*i  box  Weight  vs  T akcoff  Power  4-4 

Power  Loss  to  Heat  vs  Input  Power  — Typical  Twin-engine-driven  Gearbox  . . 4-5 

Lubrication  Regimes  4-7 

Flattie  Body  Contact  Pressure  Distribution  and  interface  Contour 4-8 

Friction  Coefficient  vs  EHD  Parameters  — Regions  I and  II  4-8 

'Angle  of  Engagement  4-9 

Coefficient  of  Friction  vs  Sliding  Velocity  4-10 

•‘^Effect  of  Surface  Text  ure  and  Lay  on  Friction  and  Sculling  Behavior  4-10 

jfFlunibci  of  Failures  vs  hours  Since  Overhaul  — MTBF  =»  500  hr  4 14 

Number  of  Failures  vs  Hours  Since  Operation  — MTBF  * 5000  hr  4-14 

: Jprofralility  of  Survival  vs  L/f\,}  Ratio 4-15 

spalling  Life  vs  Hertz  Stress  4-15 

* >j,Wcibull  Plot  — Spalling  Life  vs  Gear  Population  Rank  4-15 

.Tt'Tvpical  I aiLRof'tr  Gearbox Vulnerable  4-19 

’14fiSS<otor Ge&rrox  — 7.67 tvnn r*vof  4-20 

.Tati  looter  Gearbox  — 12.7  mm  Proof  d-2T 

Typical  Speed  Power  Function  4-25 

; Gear  Sire*  vs  Life  Curve*  4-26 

:>  Shaft  Uorsepowci  Spectra  Histograms.  4-27 

Graphic  Relationship  — Failure  Modes  — Load  vs  Velocity  4-35 

Graphic  Relationship  — Failure  Modes  — Load  vs  Tooth  Siw  4-35 

v, Single  Tooth  Puisor  Gear  Fatigue  Test  Results  4-41 

i r-ad  vs  Sliding  Velocity  — Synchronized  and  Unvytichrcnijcd  Discs  4-42 

. Scui.ing  Lo?.d  vs i.obr’Cf.Rt  — Unsyr.chronized  Dtecs 4-44 

CisSi  (L-tnih  Allowable  vt  Subsurface  Shear 4-45 

-Siv...-.:  v v*  Hardness ,4-46 

Creep  Wear  •—  Inner:  Ring  Fit  vs  Operating  Time  449 

5 tmpn  store  vs  Outer  Ring  —-l.i»er  Fit  Rsditc. don  ,v . 4-51 

. :4B« ring  G*.;-metiy  Change  With  inner  Ring  Expansion  4 52 

; Ke!«iv£  TIwbwI  Preload  — DFvaDB  4-53 

High  Sp'xvJ  Angular  Contact  ® nhTtuuit  Bearing  Fotccs 4-56 

Clearance v* L ElasL;: and Riyjd Sosuti^ns  — <$*$? 


VL'c.1  _ 


•x  > ■> 


XXIX 


A^CD  706-202 


MSI  Ol-  I!  |.rSTftATIOSSt(>p(iqttn5) 


Fig  No.  Title  F*gc 


Fig. 4-33  Involute  Saline  Data  <:>  v:,  iV  4-60 

Fig.  4-34  Radial  Mode  Resonance  FfCvu.'.'iK'y  vj  Gear  Tooth  Meshing  Speed  4-70 

Fig.  4-35  Typical  Spiral  Damper  Ring  Applications  4-70 

Fig.  4-36  Relative  Shaft  Speed  vs  Relative  Vibration  Amplitude  4-74 

Fig.  4-37  Typical  Bearing  Hanger  Assembly  — Suoctitical  Shaft  Assembly  4-75 

Fig  4-38  Flexible  Diaphragm  Coupling  4-77 

Fig.  4-39  Bossier  Coupling 4-78 

Fig.  4-40  Elastomeric  Coupling 4-78 

Fig.  4-41  Hooke’s  Joint  {Universal)  4-78 

Fig.  4-42  Gear  Coupling 4-79 

Fig.  4-43  Breakaway  Sliding  Force  vs  Misalignment  for  Various  Spline  Devices 4-79 

Fig.  4-44  Oil  System  Schematic  4 84 

Fig  5-1  Vector  Diagram  of  Swirl  in  Hover  5-4 

Fig.  5-2  Control  Moment  for  Basic  Rotor  Types  5-8 

Fig.  5-3  Articulated  Rotor  Schematic  5-9 

Fig.  5-4  Coincident  Flap  and  Lag  Hinge  Rotor  5-10 

Fig.  5 5 Gimbalcd  Rotor  Schematic  5 Id 

Fig.  5-6  Teetering  Rotot  Schematic  5-11 

Fig.  5-7  Teetering  Rotor  5-1! 

Fig.  5-8  Hingeless  Roior  Schematic  5-12 

Fig.  5-9  XH-5 1 Rotor  System  5-13 

Fig.  5-10  OH-6A  Hingelcss  Rotor  System  5-14 

Fig.  5-11  Mechanism  of  Pitch-lag  Instability  5-15 

Fig.  5-12  Pitch-flap  Coupling  of  Rotors  5-16 

Fig  5-13  Mechanism  ol  Flap-lag  Instability  5-16 

Fig.  5-14  Typical  Plots  of  Rotor  Natural  Frequency  vs  Operating  Speed  5-20 

Fig.  5-15  Single-degree-of-freedom  Coleman  Plot  5-21 

Fig.  5-16  Two-dcgree-of-frccdom  Coleman  Plot  5-21 

Fig.  5-17  Two-degrec-of-fieedom  Coleman  Plot  Showing  Satisfaction  of  Minimum 

Frequency  Criteria  for  Two-bl3de  Hingelcss  Rotor  5-22 

Fig.  5-18  Gust  Load  Factor  Computed  for  the  UH- IB  Helicopter  Using  Linear  Theory  5-24 

Fig.  5-19  Gust-alleviation  Factor  (MI L-S-8698)  5-25 

Fig.  5-20  Rotor  Limits  as  a Function  of  Advance  Ratio  5-25 

Fig.  5-21  Results  of  a Load  Gust  Study  Compared  With  Military 

Specification  Requirements  5-25 

Fig.  5-22  Articulated  Rotor  (Boeing  Model  107)  5-28 

Fig.  5-23  CH-46  and  CH-47  Tension-Torsion  Strap  Assemblies  5-32 

Fig.  5-24  Torsionally  Stiff  and  Flexible  Wire-wound  Tie-bar  Assemblies  5-33 

Fig.  5-25  Elastomeric  Bearings 5-33 

Fig.  5-26  Hydraulic  Lag  Damper  5 34 

Fig.  5-27  CH-46  Power  Blade  Folding  Mechanism  5-37 

Fig.  5-28  Typical  Helicopter  Rotor  Blade  Airfoils  5-40 

Fig.  5-29  Track  VV:th  Varying  rpm  (Zero  Collective  Pitch)  5-49 

Fig.  5-30  Track  With  Varying  Collective  Pitch  (Constant  Rotor  rpm)  5-49 

Fig.  5-31  Alternating  Stress  Superimposed  on  Steady  Stress  5-54 

Fig.  5-32  Alternating  Stress  vs  Cycles  at  Various  Steady  Stress  Levels  (Cross  Plotted 

from  Fig.  3-12,  MIL-HDBK-17  for  Notched  Specimens  of  181  Glass  Fabric 

With  MIL-R-7575  Polyester  Resin)  5-55 

Fig.  5-33  Propeller  Flow  Field  foi  Compound  Helicopters  5-58 

Fig.  5-34  Comparison  of  P-order  Excitations  5-58 


1*3 


LIST  OF  ILLUSTRATIONS  (Continued) 

Fig.  No.  Title 

Fig.  5-35  Propeller  IP  Loads  from  Nonaxial  Inflow  

Fig.  5-36  1 P Excitation  Diagram  for  Typical  STOL  Aircraft  

Fig.  5-37  l P Excitation  Diagram  for  Helicopter  With  Pusher  Propeller  

Fig.  5-38  Propeller  Critical  Speed  Diagram  

Fig.  5-39  Propeller  Vibration  Modes  

Fig.  5-40  Stall  Flutter  Design  Chart  

Fig.  5-41  Airfoil  Characteristics  and  Stall  Flutter  

Fig.  5-42  Propeller  Control  System  Schematic  

Fig.  5-43  Simplified  Propulsion  System  Block  Diagram  

Fig.  5-44  Linearized  Propeller  Control  Block  Diagram  

Fig.  5-45  Typical  Blade  Cross  Sections  

Fig.  5-46  Typical  Spar-shell  Blade 

Fig.  5-47  Blade  Materials  and  Weight  Reduction  

Fig.  5-48  Fatigue  Strength  Difference  Between  Specimen  and  Full-scale  Tests  

Fig.  5-49  Typical  Stress  Summary  Curves  

Fig.  5-50  Geometric  Data  

Fig.  5-51  Fin  Separation  Distancc/Rctor  Radius  

Fig.  5-52  Sideward  Flight  Velocity  

Fig.  5-53  Tail  Rotor  Performance,  Four  Blades  

Fig.  5-54  Typical  Variation  in  Tail  Rotor  Noise  Level  

Fig.  5-55  Compensation  for  Negative  Pitching  Moment  With  Coning  Angle  and 

Aft  Blade  CG  ’ 

Fig.  6-1  Typical  Control  Function  Scheduling  for  a Tilt-rotor  Aircraft  

Fig.  6-2  Characteristic  Root  Plot 

Fig.  6-3  Allowable  Pitch  Control  System  Residual  Oscillations  

Fig.  6-4  Control  Mixing  Schematic 

Fig.  6-5  Mechanical  Mixing  Assembly  

Fig.  6-6  Powered  Actuators  (Tandem  Helicopter)  

Fig.  6-7  Artificial  Feel  and  Trim  Schematic  

Fig.  6-8  Rotating  Controls  

Fig.  6-9  Typical  Pitch  Link  Rod  End  

Fig.  6-10  Centrifugal  Force  Deflections  

Fig.  6-11  Pitch  Link  Adjustment  Provisions  

Fig.  6-12  Relative  Pitch  Link  Rod  End  Position  

Fig.  6-13  Insttumcnted  Pitch  Link  

Fig.  6-14  Instrumented  Drive  Scissors  

Fig.  7-1  Typical  DC  Power  Distribution  System  

Fig.  7-2  Typical  AC  Power  Distribution  System  

Fig.  7-3  Example  Load  Analysis  AC  Left  Hand  Main  

Fig.  7-4  Example  AC  Load  Analysis  Format  

Fig.  7-5  Typical  Automation  Flow  Chart  

Fig.  7-6  Typical  AC  Generator  With  Oil-lubricated  Bearings  

Fig.  7-7  DC  Starter/Generator  

Fig.  7-8  Elast-cooled  DC  Generator 

Fig.  7-9  DC  Starter  Motor  With  Solenoid-operated  Switch  

Fig.  7-10  Prototype  Cartridge-boosted  Electrical  Starter  System  

Fig.  7-11  Sample  Set  of  Utilization  Loads  

Fig.  7- 1 2 Gases  Emitted  from  Nickel-Cadmium  Sintered  Plate  Cell  During  Overcharge 

at  70°-75°F  1 

Fig.  7-13  Permissible  Clamp  Deformalion  


xxxi 


AMCP  706-20,? 


Fig.  No 


LIST  OF  ILLUSTRATIONS  ( Continued ) 

Title  Page 


Fig.  7-14 
Fig.  7-15 
Fig.  7-16 
Fig.  8-1 
Fig.  8-2 
Fig.  8-3 
Fig.  9-1 
Fig.  9-2 
Fig.  9-3 
Fig.  9-4 
Fig.  9-5 
Fig.  9-6 
Fig.  9-7 
Fig.  9-8 
Fig.  9-9 
Fig.  9-10 
Fig.  °-l! 
Fig.  9-12 
Fig.  9- 1 3 
Fig.  9-14 
Fig.  9-! 5 
Fig.  9-16 
Fig.  9-17 
Fig.  9-18 
Fig.  9-19 
Fig.  9-20 
Fig.  9-21 
Fig.  9-22 
Fig.  9-23 
Fig.  9-24 
Fig.  9-25 
Fig.  9-26 
Fig.  9-27 
Fig.  9-28 
Fig.  9-29 
Fig.  9-30 
Fig.  9-31 
Fig  9-32 
Fig.  9-33 
Fig.  9-34 
Fig.  9-35 
Fig.  9-36 
Fig.  9-37 
Fig.  9-38 
Fig.  9-39 
Fig.  9-40 
Fig.  9-4! 
Fig.  9-42 
Fig  9-43 
Fig.  9-44 


Terminal  Strip  Installation  

Typical  Connection  to  Grounding  Pad  

Typical  Lightning  Electrical  Circuit  Entry  Points  

Block  Diagram  of  Classical  Communication  System  

Typical  Intercommunication  Selector  Box  

Typical  Communication  Antenna  Layout  

Central  Hydraulic  System  

Dual  System  Hydraulic-powered  Flight  Control  Actuators  

Dual-powered  Stability  Augmentation  System  

Dual-powered  Stick  Boost  Hydraulic  System  

Hydraulic  Starting;  Energy-limited  System  

Hydraul  c Starling;  Power-limited  System  

APU  Starting  System  

Cargo  Door  and  Ramp  System  

Cargo  and  Personnel  Hoist  (Constant  Pressurt)  System  

Rotor  Brake  System  

Wheel  Brake  System  

Combined  Spool  Switching  Vaive  

Pressure  Cheek  Valves  Plus  Power  Return  Switching  

Pressure  Check  Valves  Plus  Inline  Return  Relief  Valve  

Inline  Mechanically  Locked-out  Relief  Vaive  

Cam-operated  Poppet  Switching  Valve  

Switching  Valve 

Hydraulic  System  Ground  Fill  Provisions  

Rosar.  Boss  Fitting  

Use  of  an  Articulating  Link  

Use  of  Protective  Cover  on  Hoses  

Typical  Mission  Requirement  Profile  

Examples  of  Parallel  and  Series  Control  Modes  

Schematic  of  Jet  Pipe  Electro-hydraulic  Control  Valve  

Schematic  of  Flapper  Electro-hydraulic  Control  Valve  

Typical  Master  Control  Valve  

Anticavitation  Approaches  

Feedback  Techniques  

Hydraulic  Pump  Flow  vs  Pressure  Characteristics 

Hydraulic  Pump  Soft  Cutoff  Characteristics  

Hydraulic  Pump  Case  Drain  Flow  Characteristics  

Suction  Line  Length  — Reservoir  Pressure  Characteristics  

Hydraulic  Pulsation  Suppressor  

Filter  Element  Dirt-holding  Characteristics 

Filter  Element  Performance  

Hydraulic  Valve  "Trail”  Configurations  

Hydraulic  Valve  Configurations  

Direct-operated  Valve  

Pilot -operated  Valve  

Valve  Operating  Time  

Solenoid-operated  Valve  Incorporating  Return  Pressure  Sensing 

Power  and  Spring  Main  Section  Valve  Return  to  Neutral  

Typical  Separate  Servo  Actuator  

Dual  Seals  With  Return  Vent  


7-26 

7-27 

7- 31 

8- 4 
8-4 

8- 13 

9- 1 
9-2 
9-2 
9-2 
9-2 
9-3 
9-3 
9-3 
9-4 
9-4 
9-5 
9-8 
9-8 
9-9 

n rt 

y-y 

9-9 

9-10 

9-11 

9-11 

9-12 

9-12 

9-12 

9-14 

9-15 

9-15 

9-15 

9-17 

9-17 

9-18 

9-18 

9-18 

9-19 

9-19 

9-21 

9-21 

9-22 

9-22 

9-23 

9-23 

9-23 

9-24 

9-25 

9-26 

9-27 


XXXII 


MCP  706-202 


AMCF  706-202 


Fig,  No. 


LIST  OF  ILLUSTRATIONS  (Continued) 
Title 


Fig. 

13-8 

Fig. 

13-9 

Fig 

14-1 

Fig- 

16-1 

Fig 

16-2 

Fig. 

16-3 

Fig. 

16-4 

Fig. 

16-5 

Fig. 

16-6 

Fig. 

16-7 

Fig 

16-8 

Fig- 

16-9 

Fig. 

16-10 

Fig. 

16-11 

Fig. 

16-12 

Fig. 

17-1 

Fig. 

17-2 

Fig 

17-3 

Fig. 

17-4 

Fig. 

17-5 

~ig- 

17-6 

Fig. 

17-7 

Fig. 

17-8 

Fig. 

17-9 

F«. 

17-10 

Fig. 

17-11 

Fig- 

17-12 

Fig. 

17-13 

Fig- 

57-14 

r;« 

■ IK.. 

n i« 

inv 

Fig.  17-16 

Methods  of  Raising  the  Suspension  Point  

Helicopter  Load  Dynamics  Schematic  

Study  Input  Variables  

Equivalent  Steady  Load  for  Combination  of  Steady  and  Vibratory  Loads 

(Nonreversing)  

Equivalent  Steady  Load  for  Combination  of  Steady  and  Vibratory  Loads 

(Reversing) 

Mounting  of  Duplexed  Ball  Bearings  

Spherical  Aircraft  Bearing  

Common  Types  of  Connectors  

Tapered  Pipe  Thread  Fittings  

Straight  Thread  Fittings  

Flared  T ube  Fittings  

Flaretess  Tube  Fittings  

Cable  Alignment  and  Pulley  Guard  Location  

Push-pull  Cables  and  End  Fittings  

Right-handed  Thread  Application  of  Safety  Wire  

Standard  Bend  Radii  Practice  — Minimum  Bend  Radii  

Weld  Contour  and  Stress  Concentration  

Welding  Symbols  

Representative  Butt  joints 

Representative  Corner  Joints  

Representative  Tec  Joints  

Rivet  Spacing  

Types  of  Loading  for  Bonded  Joints  

Lap  Shear  Joint  Deflection  Under  Load  

Typical  Rotor  Blade  Design  — Alternate  I 

Typical  Rotor  Blade  Design  — Atlernate  2 

Honeycomb  Sandwich  Structure  

Addition  of  Doublcn  to  Honeycomb  Structure  

Balance  Bar  Design  

Aircraft  Wing  Rope  Fittings  

Cable  Splicing  


Page 


13-16 

13- 18 

14- 17 

16-6 

16-7 

16-9 

16-13 

16-18 

16-22 

16-23 

16-24 

16-24 

16-27 

16-29 

16- 33 

17- 5 
17-7 
17-8 
17-8 
17-9 
17-9 
17-10 
17-12 
17-13 
17-13 
17-13 
17-14 
17-14 
17-15 
17-16 
17-16 


XXXIV 


LIST  OF  TABLES 

Title 


AMCP  70*402 
•«"g» * Mir— 


Table  No. 


TABLE  2-1 
TABLE  2-2 
TABLE  2-3 
TABLE  2-4 
TABLE  2-5 
TABLE  2-6 
TABLE  2-7 
TABLE  2-8 

TABLE  2-9 
TABLE  2-10 
TA3LE2-I1 
TABLE  2-12 
TABLE  2-13 
TABLE  2- 1 4 
TABLE  2- 15 
TABLE  2-16 
TABLE  2-17 
TABLE  2-18 
TABLE  3-1 

TABLE  3-2 
TABLE  4-1 

TABLE  4-2 
TABLE4-3 
TABLE  4-4 
TABLE  4-5 
TABLE  4-6 
TABLE  5 ! 
TABLE  5-2 
TABLE  5-3 
TABLE  5-4 
TABLE  5-5 

TABL  : 5-6 
TABLE  6-1 
TABLE  7-1 
TABLE  7-2 

table  7-3 

TABLE  11-1 
TABLE  11-2 
TABLE  12-1 
TABLE  13-1 
TABLE  13-2 
TABLE  14-1 
TABLE  14-2 
TABLE  14-3 
TABLE  16-1 
TABLE  16-2 
TABLE  16-3 


Mechanical  Properties  of  18  Ni  Maraging  Steels  

Comparative  Mechanical  Properties  for  Selected  Nonferrous  Alloys  

Grouping  of  Metals  and  Alloys  (M1L-STD-889)  

Position  of  Metals  in  the  Galvanic  Scries  

Process  Comparison  Guide  for  GHP  Laminates  

General  Properties  Obtainable  in  Some  Glass  Reinforced  Plastics 

Common  Resin  Reinforcement  Combinations  of  Thcrmoset  Laminates 

Typical  Values  of  Physical  and  Mechanical  Characteristics  of 

Reinforcement  Fibers 

Nominal  Composition  of  Glass  Reinforcements  

Typical  Unidirectional  Composite  Properties  Based  on  Commercial  Prepregs 

Properties  of  Rigid  Foams 

Common  Adhesives  in  Curt ent  Use  

Shear  Bond  Strengths  of  Adhesives  

Useful  Temperature  Range  and  Strength  Properties  of  Structural  Adhesives  . . 

Armor  Material  Design  Data  and  Physical  Characteiistics  

Fabrication  Data  for  Lightweight  Armor  Materials  

Typical  Properties  of  Commonly  Used  Structural  Adhesives  

Helicopter  Lubricants  and  Hydraulic  Fluids  

APU  Types  for  Main  Engine  Starting  Environmental  Control,  and 

Electrical  Supply  

APU  Reliafc.lity  

U S Army  Helicopters  — Transmission  and  Drive  System  Only  — 

Maintenance  Workload  

External  Noise  Level  

Helicopter  Drive  Subsystems  — Single  Main  Rotor  

Life  Modification  Factors  — Surface  Durability  

Shear  Stress  vs  Depth  

Helicopter  Transmission  Case  Materials  and  Application  Data  

The  Relative  Effects  of  Various  Parameters  on  Gust  Response 

Example  of  Nominal  Weight  and  CG  Locations  

Rotor  Blade  Balance  (Sample)  

Comparison  of  Material  Properties  

Aerodynamic  Characteristics  of  Several  Airfoil  Sections  Suitable  for 

t*  . :»  ti  . * . - r»i  » 

i an  rvuiui  oiauc* 


Summary  of  Tail  Rotor  Excitation  Sources  

Maximum  Amplitudes  of  Limit-Cycle  Oscillations  

Outputs  of  Converters  Relative  to  Continuous-Current  Generator 

Typical  Characteristics  of  24V.  34  AH  Battery  Systems 

Alternative  Charging  Methods  

Cost  Impact.  Airframe  Detail  Design  

Material  Selection  — Airframe  Design  

Load  Factors  for  Helicopter  Tire* 

Coefficients  of  Friction  

Standard  Cargo  Tiedown  Devices  

Typical  Helicopter  Guns  

Vulnerability  Damage  Criteria  Data  Summary 

Vulnerability  Table  

L.ife  1 actors  for  Antifriction  Bearing  Materials  

Cost  vs  Tolerance  Class  for  Antifriction  Bcariags  

Standards  for  Airframe  Control  Annular  Ball  Bearings  


Page 

24~ 

2-4 

2-7 

2-8 

2-14 

2-15 

2-16 

2-18 

2-19 

2-20 

2-25 

2-26 

2-26 

2-2u 

2-28 

2-29 

2-32 

2- 39 

3- 16 
3-20 


4-17 

4-18 

4-24 

4-33 

4-45 

4- 68 

5- 26 
548 
548 
5-51 

5-82 

5- 82 

6- 8 
7-15 
7-16 
7-17 
11-3 
11-3 
124 
13-14 

13- 15 

14- 2 
14-14 
14-14 
16-6 
16-7 
16-12 


\\\S 


jsijebS&JL 


AMCP  7C6-2Q2 


1 


Table  No. 


LIST  O!  1 A 111  IS  ( ( iiminutd  i 
Title 


TABLE  16-4 
TABLE  16-5 
TABLE  16-6 
TABLE  16-7 
TABLE  16-8 
TABLE  16-9 
TABLE  16-10 
TABLE  16-11 
TABLE  16-12 
TABLE  17-1 
TABLE  17-2 
TABLE  17-3 
TABLE  17-4 

TABLE  17-5 
TABLE  17-6 


wwi 


Standards  for  Airfrume  Control  Hod  End  Bearings  

Standards  for  Sphci  teal  Roller  Airframe  Bearings  

Properties  of  Sliding  Bearing  Materials  for  Airframe  Use  

Specifications  and  Standards  for  Self-Lubricating  Slide  Bearings  

Military  Specifications  and  Standards  for  Connectors  for  Aitcraft  

Other  Military  Specifications  and  Standards  for  Connectors  

Military  Specifications  and  Standards  for  Crimp-Style  Terminals  

Military  Specifications  and  Standards  for  Switches  

Military  Specifications  for  Cables  

Bemi  Characteristics  of  Selected  Metals  

Unit  Horsepower  Values  for  Representative  Metals  

Representative  Surface  Finishes  Obtained  in  Machining  Operations  

Values  To  Be  Added  to  or  Subtracted  from  Base  Dimension  for 

Holes  and  Shafts  To  Calculate  Tolerance  

Representative  Heat  Treat  Temperatures  

The  Effect  of  Shot-peening  on  the  Fatigue  Properties  of  Selected  Samples  


Page 

16-12 
16-12 
16  13 
16-14 
16-P 
Hi-  IK 
16-20 
16-21 

16- 31 

17- 4 
17-6 
P-6 

P-7 

17-18 

17-21 


FOREWORD 


The  HelUrpter  Engineering  Handbook  forms  a parr  of  the  Engineering  Design 
Handbook  Series  which  presents  engineering  data  for  the  design  and  construction  of 
A my  equipment. 

This  volume.  AMCP  706-202,  Detail  Design,  is  Part  Two  of  a three-part 
Engineering  Design  Handbook  titled  Helicopter  Engineering  Along  with  AMCP 
706-201,  Preliminary  Design,  and  AMCP  706-203.  Qualification  Assurance,  this  part 
is  intended  to  set  forth  explicit  design  standards  for  Army  helicopters,  to  establish 
qualification  requirements,  and  to  provide  technical  guidance  to  helicopter 
designers,  both  in  the  industry  and  within  the  Army 

This  volume,  AMCP  706-202,  deals  with  the  evolution  of  the  vehicle  from  an  ap- 
proved preliminary  design  configuration.  As  a result  of  this  phase  of  the  develop- 
ment. the  design  is  described  in  sufficient  detail  to  permit  construction  and  qualifica- 
tion of  the  helicopter  as  being  in  compliance  with  all  applicable  requirements,  in- 
cluding ihc  approved  system  specification.  Design  requirements  for  all  vehicle  sub- 
systems arc  included.  The  volume  consists  of  1 7 chapters  and  the  organization  is  dis- 
cussed in  Chapter  1,  the  ntroduction  to  the  volume. 

AMCP  706-201  deals  with  the  preliminary  design  of  a helicopter.  The  character- 
istics of  the  vehicle  and  of  the  subsystems  that  must  be  considered  are  described. 
Design  problems  that  may  be  encountered  during  the  helicopter  design  aie  discussed 
and  possit  '*■  solutions  ai  ■ suggested.  The  documentation  necessary  to  describe  the 
preliminary  design  in  sufficient  detail  to  permit  evaluation  and  approval  by  the  pro- 
curing activity  also  is  described. 

The  third  volume  of  the  handbook,  AMCP  706-203,  defines  the  requirements  for 
airworthiness  qualification  of  the  helicopter  and  for  demonstration  of  contract  com- 
pliance. The  test  procedures  used  by  the  Army  in  the  performance  of  those  ad- 
ditional tests  required  by  the  Airworthiness  Qualification  Program  to  be  performed 
by  the  Army  also  are  described. 
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PREFACE 


This  volume,  AMCP  706-202,  Detail  Design,  is  ihc  second  section  of  u three-part 
engineering  handbook,  Helicopter  Engineering,  in  the  Lngincering  Design  Hand- 
book scries.  It  was  prepared  by  Forge  Aerospace.  Inc.,  Washington.  D.C.,  under 
subcontract  to  the  Engineering  Handbook  Office.  Duke  University,  Durham,  NC. 

The  Engineering  Design  Handbooks  fail  into  two  basic  categories,  those  approved 
foi  release  and  sale,  and  those  classified  for  security  reasons.  The  US  Army  Materiel 
Command  policy  is  to  release  these  Engineering  Design  Handbooks  in  accordance 
with  current  DOD  Directive  7230.7.  dated  18  September  1973.  All  unclassified 
Handbooks  can  be  obtained  from  the  National  Technical  Information  Service 
(NTIS).  Procedures  for  acquiring  these  Handbooks  follow: 

a.  All  Department  of  Army  activities  having  need  for  the  Handbooks  must  sub- 
mit their  request  on  an  official  requisition  form  (DA  Form  17,  dated  Jan  70)  directly 
to: 


Commander 

Lctterkenny  Army  Depot 
ATTN:  DRXLE-ATD 
Chambcrsburg,  Pa  17201 

(Requests  for  classified  documents  must  bt  submitted,  with  appropriate  “Need  to 
Know"  justification,  to  Lctterkenny  Army  Depot.)  DA  activities  will  not  requisition 
Handbooks  for  further  free  distribution. 

b.  All  other  requestors,  DOD,  Navy,  Air  Force.  Marine  Corps,  nonmilitary 
Government  agencies,  contractors,  private  industry,  individuals,  universities,  and 
others  must  purchase  these  Handbooks  from: 

National  Technical  Information  Service 
Department  of  Commerce 
Springfield,  V A 22151 

Classified  documents  may  be  released  on  a "Need  to  Know"  basis  verified  by  an  of- 
ficial Department  of  Army  representative  and  processed  from  Defense  Documenta- 
tion Center  (DDC),  ATTN:  DDC-TSR,  Cameron  Station,  Alexandria.  VA  223 1^. 

Users  of  the  handbook  are  encouraged  to  contact  USAAV$COM,  St.  Louis,  MO. 
System  Development  and  Qualification  Division,  with  their  recommendations  and 
comments  concerning  the  handbook.  Comments  should  be  specific  and  include 
recommended  text  changes  and  supporting  rationale.  DA  Form  2028, 
Recommended  Changes  to  Publications  (available  through  normal  publications 
supply  channels)  may  be  used  for  this  purpose.  A copy  of  the  comments  should  be 
sent  to: 


Commander 

US  Army  Materiel  Development 
and  Reudiness  Command 
Alexandria,  VA  22333 

Revisions  to  the  handbook  will  be  made  on  an  as-required  basis  and  will  be  dis- 
tributed on  a normal  basis  through  the  Lctterkenny  Army  Depot. 
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AMCP  706-202 


CHAPTER  1 

INTRODUCTION 


AMCP  706-202,  Engineering  Design  Handbook, 
Helicopter  Engineering.  Pari  7 wo.  Detail  Design,  is 
the  second  part  of  a three-volume  helicopter 
engineering  design  handbook.  The  preliminary 
design  (covered  in  AMCP  706-201)  is  jfcrvclopcd 
during  the  proposal  phase,  at  which  time  all  sub- 
systems must  be  defined  in  sufficient  detail  to  deter- 
mine aircraft  configuration,  weight,  and  perfor- 
mance. The  detail  design  involves  a reexamination  of 
all  subsystems  in  order  to  define  each  element 
thoroughly  with  the  aims  of  optimiiing  the  aircraft 
with  regard  to  mission  capability  as  well  as  cost  con- 
siderations. , 

Detailed  subsystem  specification  requirements  are 
the  basis  for  in-depth  analysis  and  evaluation  of  sub- 
system characteristics  and  interfaces.  Based  upon 
complete  system  descriptions  ar.d  layouts,  perfor- 
mance. weight,  end  cost  trade-offs  arc  finalized. 
Periodic  reviews  of  the  design  are  conducted  to 
evaluate  maintainability,  reliability,  safety,  pruduci- 
bi'uty.  and  conformance  with  specification  require- 
ments. 

Development  testing  may  be  required  to  pcimit 
evaluation  of  alternate  solutions  to  design  problems 
or  to  obtain  adequate  information  for  trade-off  in- 
vestigations. Appropriate  consideration  of  human 
engineering  factors  often  requires  evaluation  of  infor- 
mal mock-ups. 

Weight  control  is  an  important  element  of  the 
detail  design  phase.  Subsystem  weight  budgets,  pre- 
pared on  the  basis  of  the  preliminary  design  group 
weight  breakdown,  are  assigned  at  the  initiation  of 
the  detail  design  phase.  The  continuing  evaluation  of 
compliance  with  the  budget  as  an  essentia!  part  of  the 
management  of  the  project  and  the  assurance  of  com- 
pliance with  weight  guarantees  of  the  helicopter  de- 
tail specification  are  described  in  conjunction  with 
the  discussion  of  the  Weight  Engineering  function  in 
AMCP  706-201. 


The  requirements  and  procedures  for  airworthi- 
ness qualification  and  proof  of  contract  compliance 
for  a new  model  helicopter  for  the  US  Army  are 
defined  and  discussed  in  AMCP  706-203,  which  is  the 
third  volume  in  this  handbook  series  Qualification  is 
not  time-phased,  but  is  a continuing  part  of  the  ac- 
quisition program.  A number  of  qualification 
requirements  arc  integral  parts  of  the  detail  design  ef- 
fort. 

Design  reviews  by  the  procuring  activity  are  re- 
quired during  the  definition  of  subsystem  configura- 
tions as  well  as  during  the  final  design  of  assemblies 


and  installations.  Evaluation  of  a full-scale  mock-up 
of  the  complete  helicopter  is  a major  part  of  the  de- 
sign review  process.  The  requirements  for  this  review 
arc  described  in  detail  in  AMCP  706-203;  but  the 
construction  and  inspection  of  the  mock-up  must  be 
completed  at  the  earliest  piacticat  point  of  the  detail 
design  phase  to  permit  the  conttactor  to  complete  the 
design  and  manufacture  of  helicopters  for  test  and  for 
operational  deployment,  with  reasonable  assurance 
that  the  configuration  is  responsive  to  the  mission  ie- 
quirements. 

Also  completed  during  the  detail  design  ohasc  arc  a 
variety  of  analyses  necessary  to  substantiate  the  com- 
pliance of  the  physical,  mechanical,  and  dynamic 
characteristics  of  subsystems  and  their  key  com- 
ponents with  applicable  design  and  performance  re- 
quirements. including  structural  integrity.  The  analy- 
sis required  during  the  design,  development,  and 
qualification  of  a given  model  helicopter  are  those 
specified  by  the  applicable  Contract  Data  Require- 
ments List  (CDRL). 

This  volume  reviews  the  functions  performed  by 
the  major  helicopter  subsystems  and  outlines  the  re- 
quirements applicaolr  to  the  design  and  installation 
of  each  one.  Principal  documentation  of  the  detail 
design  phase  is  the  final  drawings  of  the  helicopter  in 
sufficient  detail  for  procurement,  fabrication,  as- 
sembly, and  installation.  This  volume,  therefore,  aiso 
includes  discussion  of  materials  and  processes  per- 
tinent to  the  manufacture  of  helicopter  components. 
This  volume  is  intended  to  provide  designers, 
engineers,  relatively  new  to  the  helicopter  tech- 
nology, and  program  managers  a general  design 
guide  covering  aP  of  the  helicopter  detail  design 
specialties;  however,  it  is  not  intended  as  a source  of 
detailed  design  procedures  for  use  by  the  ex- 
perienced design  engineer  in  his  specialty. 

Throughout  this  volume  the  mandatory  design 
requirements  have  been  identified  with  the  con- 
tractual language  which  makes  use  of  the  word 
shall  ' To  assist  m the  use  of  the  handbook  in  the 
planning  or  conduct  of  a helicopter  development  pro- 
gram, the  word  shall’’  has  been  italicized  in  the 
statement  of  each  such  requirement. 

Since  the  mission  requirements  for  individual  heli- 
copters result  in  variations  between  subsystem  con- 
figurations and  performance  requirements,  the  pro- 
curing activity  will  specify  in  its  Request  for  Proposal 
(RFP)  the  extent  to  which  the  design  requirements  of 
this  handbook  ate  applicable  to  the  acquisition  of  a 
given  helicopter. 
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2-1  INTRODUCTION 


This  chapter  addresses  the  properties  of  the  various 
materials  used  in  the  construction  of  helicopters. 
These  materials  include  ferrous  and  nonl'errous 
metals,  nonmetallic  materials,  composite  structures, 
adhesives  and  sealants,  paints  and  finishes,  lubri- 
cants, greases,  and  hydraulic  fluids.  Among  the 
ferrous  metals  are  carbon  steel,  stainless  steel,  and  al- 
loy steels.  The  nonferrous  metals  include  aluminum, 
magnesium  and  titanium  alloys,  beryllium,  copper, 
brass,  and  bronze.  Thermoplastic  and  thermosetting 
plastics,  elastomers,  woods,  fabric,  and  fluoroplas- 
tics  are  reviewed.  Composite  structures,  including 
filament  laminates,  fabric  laminates,  and  filament 
wound,  and  honeycomb  and  sandwich  construction 
are  discussed  a«  are  the  adhesives  used  for  bonding  of 
primary  structure,  honeycomb  and  composites, 
fabrics,  rubber,  customers,  glass,  and  plastics. 
Sealing  compounds,  such  as  putty  and  paste,  also  arc 
de. ailed.  A discussion  of  paints  and  coatings,  special 
finishes,  plating,  and  'apes  is  included,  as  well  as  a re- 
view of  thv  most  commonly  used  lubricants  and  their 
applications. 

The  designer  will  find  that  a good  working  re- 
lationship with  vendors  will  help  him  to  keep  abreast 
of  new  materials  and  processes  with  possible  appli- 
cations lo  helicopters.  New  materials  arc  being  in- 
troduced continually,  and  new  processes  alter  the 
cost  and  performance  relationships  among  older 
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conform  to  one  or  more  Government  specifications, 
and  many  manufacturers  take  steps  to  keep  their 
products  on  the  qualified-products  lists,  where  such 
are  required  Propci  regard  for  and  awareness  of 
these  concerns  in  design  callouts  will  simplify  pro- 
curement, fabrication,  and  qualification  of  hard- 


ware. 


2-2  METALS 

2-2.1  FERROUS  METALS 

2-2.1. 1 General 

Th>i  discussion  provides  a brief  review  of  ferrous 
metals  and  their  application  to  the  construction  of 
helicopters,  as  well  as  of  some  of  the  parameters 
\ governing  the  choice  of  a particular  ferrous  metal  for 
/ specific  use. 

A more  comprehensive  discussion,  as  well  as  detail 
\dcsign  data,  will  be  found  in  Chapter  9,  AMCP  706- 
NjO,  which  describes  such  items  as  mater  ai  selection 


factors,  standard  mill  products,  and  cost  data.  I ML- 
HDBK-5  is  a source  of  mechanical  properties  data 
and  provides  additional  detail  design  data.  For 
technical  data  and  information  peitaining  to  wrought 
iron,  carbon  steels,  and  low-ailoy  steels,  an  excellent 
source  is  MIL-HDBK-723,  which  covers  some  of  the 
more  practical  aspects  of  meta!  forming  and  joining. 
Finally,  for  design  data  and  metallurgical  details,  the 
designer  should  consult  the  various  American  Society 
of  Metals  (ASM)  Handbooks. 

Because  of  weight  considerations,  it  is  desirable  to 
restrict  the  heavier  ferrous  metals  to  those  applica- 
tions where  very  high  strength,  a high  modulus  ol 
rigidity,  high  resistance  to  fatigue,  and  high  modulus 
of  elasticity  arc  rcqjired. 

The  more  expensive  high-performance  steels  often 
are  more  economical  in  terms  of  weight,  cost,  and 
fabrication  processes  than  are  the  lower-cost  ferrous 
products.  Applications  for  these  materials  include 
high-stn  ss  parts  such  as  rotor  drive  shafts,  masts, 
hubs,  vertical  hinges,  flapping  hinges,  tie  cables, 
tubular  frames,  and  control  cams,  keys,  gears,  and 
hydraulic  cylinders. 

2-2. 1. 2 Carbon  Steels 

The  carbon  steels  are  a broad  group  of  iren-base 
alloys  having  small  amounts  of  carbon  as  their  prin- 
cipal alloying  element.  Commonly,  the  carbon  con- 
tent falls  between  0.03  and  1.2%.  The  American  Iron 
and  Steel  Institute  (Al$I)  code  usually  is  used  for 
ucsignaiing  steels.  Tins  system  employs  a four-  or 
five-digit  number  to  designate  each  alloy,  with  the 
first  digits  referring  to  the  alloy  and  the  last  two  digits 
giving  the  carbon  content  in  points  of  carbon,  where 
one  point  is  equal  to  0.01%.  Thus,  1045  steel  is  one  of 
a series  of  nonsulphurized  carbon  steels  and  has 
0.45%  carbon.  Other  carbon  steel  series  arc  the  1 1 XX 
series,  which  are  resuipherized,  the  BI1XX  series, 
which  are  acid  Bessemer  resulphurized,  and  the 
12XX  series,  which  are  rephosphorized.  Low-carbon 
steels  range  from  0.05  to  0.30%  carbon,  medium- 
carbon  steels  range  from  0.30  to  0.60%  carbon,  and 
high-carbon  steels  range  from  0.60  to  0.95%  carbon. 

The  machinability  of  low-carbon  steels  is  poor. 
They  tend  to  drag  and  smear  and  to  build  up  on  the 
cutting  edges  of  tools,  generating  considerable  heat 
and  decreasing  cutting  efficiency.  Mcdium-car'oon 
steels  machine  .better,  although  the  cutting  pressures 
are  higher.  High-carbon  steels  are  too  hard  for  good 
machining,  but  they  arc  used  where  fine  finish  and  di- 
mensional accuracy  are  required.  Hot-  and  cold- 
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rolied  steels  machine  better  than  do  annealed  steels, 
and  the  machining  properties  of  the  low-carbon  steels 
arc  improved  by  the  addition  of  sulphur,  phos- 
phorus. or  lead. 

The  low-carbon  steels  have  excellent  forming 
properties,  and  can  be  worked  readily  by  any  of  the 
normal  shapina  processes.  Their  ready  formability  is 
due  to  the  fiftt  that  there  is  less  carbon  to  interfete 
with  the  planes  of  slipi^Ufthe  same  token,  the  dif- 
ficulty of  working  increases  with  increasing  carbon 
content. 

Plain  carbon  steel  is  the  most  readily  welded  of  ali 
materials.  Low-carbon  (0. 1 5%)  steel  presents  the  least 
difficulty;  as  the  carbon  content  increases  to  0.30%, 
some  martensite  may  form  as  a result  of  rapid 
cooling.  If  they  arc  cooled  too  rapidly  after  welding, 
medium-  and  hiph-carbon  steels  may  harden,  but  pre- 
heating to  (OOT  or  post-heating  to  I100°F  will 
remove  brittle  microstructures. 

The  yield  strength  of  low-carbon  steels  is  on  the 
order  of  40.000  psi,  while  that  of  high-caibon  steels  is 
or.  the  order  of  150,000  psi.  The  modulus  of  elasti- 
city in  tension  remains  at  30  miiiion  for  aii  of  the  cai- 
bon  steels.  Cove  (Brinell)  hardness  ranges  from  149 
for  low-carbon  to  400  fo,  higher  carbon. 

2-2. 1.3  Alloy  Steels 

Alloy  steels  are  those  that  contain  significant 
amounts  of  such  alloying  metals  as  manganese, 
molybdenum,  chromium,  or  nickel,  which  arc  added 
in  order  to  obtain  higher  mechanical  properties  with 
heat  treatment,  especially  in  thick  sections.  A family 
of  extra-high-strength,  quenched,  and  tempered  al- 
loy steels  has  come  into  wide  use  because  these 
materials  have  yield  strengths  of  more  than  100,000 
psi. 

The  alloy  steels  have  relatively  good  resistance  to 
fracture,  or  toughness.  Weldability  is  good,  and 
machinabiliiy  and  castability  arc  fair.  The  alloy  steels 
generally  can  be  hardened  to  a greater  depth  than  can 
unalloyed  steels  with  the  same  carbon  content.  Many 
of  the  alloy  steels  are  available  with  added  sulphur  or 
lead  for  improved  machinabiliiy.  However,  re- 
sulphurizct'  and  leaded  steels  are  not  recommended 
for  highly  stressed  aircraft  pa.ts  because  of  drastic  re- 
ductions in  transverse  properties.  The  alloy  steels  arc 
somewhat  more  difficult  to  forge  than  are  the  cor- 
responding plain  carbon  steels,  and  the  maximum 
recommended  forging  temperatures  are  about  50% 
lower 

Cold-forming,  it  performed,  is  done  in  the  an- 
nealed condition  because  of  the  high  stiength  and 
limited  du.lility  of  heat-treated  materials.  Notch 
toughness  of  alloys  in  the  heat-treated  condition  is 
much  better  than  that  of  the  carbon  steels.  Cor- 


rosion resistance  is  about  the  same. 

I lie  AISI  designation  system  is  used  lor  alloy  steels 
also.  This  is  illustrated  by  4 1 30  steel,  which  is  an  alloy 
steel  containing,  chromium,  molybdenum,  and  0.30% 
carbon. 

2-2. 1. 4 Stainless  Steels 

All  stainless  steels  contain  at  least  10.5%  chro- 
mium. from  which  excellent  corrosion  resistance  is 
obtained.  Apparently,  a very  thin,  transparent,  and 
tough  film  of  oxide  forms  upon  the  chromium  sur- 
face. This  film  is  inert,  or  passive,  and  docs  not  react 
upon  exposure  to  corrosive  materials.  There  arc  three 
broad  types  of  stainless  steels,  as  defined  by  the 
crystal  siructure;  austenitic,  ferritic,  and  martensitic. 

Austenitic  stainless  steels,  which  have  an  austeni- 
tic structure  at  room  temperature,  arc  known  as  the 
300  series  (AISI).  These  materials  have  excellent  duc- 
tility at  very  low  temperatures,  the  highest  corrosion 
resistance  of  all  steels,  and  the  highest  scale  re- 
sistance and  strength  at  elevated  temperatures. 
Austenitic  steels  are  difficult  to  machine,  but  can  be 
formed  when  care  is  given  to  the  rate  of  work- 
liaidcning.  They  are  not  harder, able  by  heat  treat- 
ment. Welding  is  done  best  in  an  inert  atmosphere; 
because  of  the  low  thermal  conductivity,  rare  must  be 
taken  to  avoid  cracking.  Carbide  precipitation  is 
minimized  during  welding  by  selecting  one  of  the 
stabilized  grades,  c.g.,  321  or  347. 

Ferritic  stainless  steels  are  magnetic  and  have  good 
ductility.  Because  of  the  low  carbon  to-chronnum 
latio,  the  effects  of  thermal  transformation  are 
eliminated  and  the  steels  are  not  liardcnable  by  heat 
treatment.  They  also  do  not  work-harden  to  any 
great  extent,  are  machined  easily,  and  are  formed 
readily.  A general-purpose  ferritic  stainless  is  type 
430. 

Martensitic  steels  have  a higher  carbon-to-chro- 
mium  ratio  and  are  hardenable  by  heat  treatment. 
They  are  characterized  by  good  ductility,  hardness, 
and  ability  to  hold  an  edge.  These  steels  are  magnetic 
in  all  conditions,  are  tough  and  resistant  to  impact, 
and  attain  tensile  strengths  of  up  to  200,000  psi  when 
hardened.  Martensitic  steels  machine  very  well.  Type 
410  is  the  most  widely  used  steel  in  this  group. 

2-2. 1.5  Precipitation  Hardening  Steels 

Precipitation  hardening  (PH)  steels  arc  those  that 
harden  at  relatively  low  temperatures  due  to  the  pre- 
cipitation of  copper,  aluminum,  or  titanium  inter- 
mclullic  compounds.  They  may  be  nonslainless  or 
stainless.  The  best  known  is  17-4  PH,  which  is  stain- 
less by  composition  and  is  used  for  parts  requiring 
high  strength  and  good  resistance  to  corrosion  and 
oxidation  at  temperatures  of  up  to  600° F.  17-4  PH  is 
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martensitic  in  nature,  but  other  precipitation  harden- 
ing steels  may  be  austenitic.  Forming  properties  are 
much  the  same  as  for  stainless  steels:  forming  must  he 
accomplished  before  heal  treatment,  and  allowance 
must  be  made  for  the  dimensional  changes  that  oc- 
cur during  the  hardening  process.  Strength  properties 
ate  lowered  by  exposure  to  temperatures  above 
975°  I for  longer  than  0.5  hr.  The  heat-treating 
procedures  are  specified  in  M1L-H-6875. 

2-2. 1.6  Miraging  Steels 

The  maraging  steels  are  not  treated  in  the  ref- 
erences given  in  par.  2-2.1 . 1 : hence  they  are  discussed 
in  somewhat  greater  detail  here. 

The  term  "maraging"  is  derived  from  the  capabili- 
ty of  the  material  for  age  hardening  in  the  mar- 
tensitic condition.  The  distinguishing  features  of  the 
18%  nickel  maraging  steels  are  that  they  are  designed 
to  be  martensitic  upon  cooling  to  room  temperature 
after  hot-working  or  annealing,  and  t*'  be  age- 
hurdenaole  to  ultra  high  strengths  in  that  condition. 

The  18%  nickel  maraging  steels  essentially  are 
wrought  alloys.  The  nominal  yield  strengths  of  four 
well-established  grades  are  200, 250,  300.  and  350  k$i. 
The  ability  of  these  steels  to  transform  into  marten- 
site upon  cooling  from  elevated  temperatures  is  im- 
parted by  their  nickel  content.  The  transformation, 
which  begins  at  about  310°F  and  ends  at  about 
2I0°F,  is  of  the  diffusionlcss  or  shearing  type.  The 
formation  of  martensite  in  these  steels  is  not  dis- 
turbed by  varying  the  cooling  rate  within  practicable 
limits.  Hence,  section  size  is  not  a factor  in  the 
process  of  martensite  formation,  and  ihe  concepts  of 
hardenability  that  dominate  the  technology  of  the 
quenched  and  tempered  steels  are  not  applicable  with 
the  maraging  steels. 

The  l8Ni  maraging  steels  may  be  cut  with  a saw  in 
the  annealed  or  hot-worked  condition.  Alter- 
natively, oxyacetylene  and  plasma  arc  torches  may  be 
used.  Hot-rolled  or  annealed  maraging  steels  can  be 
sheared  in  much  the  same  manner  as  can  the  quench- 
ed and  tempered  structural  steels  that  have  yield 
strengths  in  the  vicinity  of  1 10  ksi.  In  grinding,  these 
steels  behave  in  a manner  similar  to  that  of  stainless 
steels,  using  a heavy-duty,  water-soluble  grinding 
fluid. 

The  maraging  steels  can  be  hot-worked  to  finished 
or  semi-finished  products  by  all  of  the  standard 
methods  of  forming  that  arc  used  for  other  steels.  To 
avoid  carburizing  or  sulfidizing,  the  metal  should  be 
free  of  oil,  grease,  and  shop  soil  before  heating.  Fuel 
with  low  sulphur  content  is  preferred.  The  mela!  can 
be  press-  or  hammer-forged  at  temperatures  ranging 
from  2300°  down  to  1500°F.  Forging  is  completed  at 
'datively  low  temperatures.  The  objective  is  to  refine 


the  grain  structure,  thereby  enhancing  she  strength 
and  toughness  of  the  steel.  A minimum  reduction  of 
25%  in  thickness  during  the  final  forging  cycle  is 
recommended  to  produce  optimum  mechanical 
properties  in  the  finished  product.  Hof  bending,  hot 
drawing,  and  hot  spinning  are  accomplished  at 
1 500” -1 800°  F. 

Cold-form ir.g  operations  arc  performed  on  the  an- 
nealed material.  Even  in  the  annealed  condition,  the 
l8Ni  maraging  steels  have  yield  strengths  of  up  to  120 
ksi.  approximately  four  times  those  of  deep-draw- 
body  stock  The  tensile  elongations  of  these  steels  in 
the  form  of  annealed  sheet  may  be  as  little  as  3-4%. 
These  factors  impose  limitations  upon  forming  the 
sheet  metal  by  tensile  stresses.  On  the  othci  hand, 
these  steels  work-harden  very  slowly,  making  them 
well  suited  to  forming  methods  dominated  by  shear. 
They  can  be  cold-rcduced  by  80%  or  more,  and 
shapes  are  formed  readily  by  rolling  or  spinning. 
Flat-bottom  cups  can  be  deep-drawn  to  considerable 
depths.  Rounded  shapes  arc  formed  me  re  readily  by 
means  of  the  flexible  die  process.  Cold-rolled, 
solution-annealed  material  is  preferred.  Rolling  and 
welding  of  sheet,  strip,  and  plate  are  common  meth- 
ods of  making  cylindrical  shapes. 

In  the  annealed  condition,  the  18Ni  maraging 
steels  are  machined  quite  easily.  In  the  age-hardened 
condition,  machining  is  difficult  because  of  the  hard- 
ness imparted  by  the  aging  process. 

Although  these  steels  have  been  welded  by  all  of 
the  common  welding  processes,  the  toughest  welds 
arc  produced  by  the  gas  tungsten  arc  process  or  the 
electron  beam  (EB)  process.  For  maximum  tough- 
ness, the  carbon,  sulphur,  silicon,  phosphorus,  and 
oxygen  content  must  be  kept  at  very  low  levels.  It  is 
good  practice  to  avoid  prolonged  times  at  elevated 
temperatures,  not  to  preheat,  to  keep  interpass  tem- 
peratures below  about  250°F,  to  use  minimum  weld 
energy  input,  and  to  avoid  conditions  causing  slow 
coo'ing  rates. 

Annealing  is  accomplished  at  1500°F  with  air 
cooling.  For  improved  combinations  of  strength  and 
toughness,  the  steel  may  be  double-annealed.  The 
procedure  is  to  heat  the  material  tc  !600o-1800°F,  air 
cool  to  room  tempciature,  reheat  to  I400”-)500'F, 
and  again  air  cool.  Special  furnace  atmospheres  art 
required  in  order  to  prevent  carburization,  sulfida- 
tion, or  excessive  oxidation. 

Age-hardening  is  accomplished  at  900°F,  the  time 
varying  from  3 to  6 hr.  Air  is  used  commonly  as  the 
heat-treating  atmosphere.  It  is  advisable  to  maintain 
the  temperature  at  all  part;  of  the  load  to  within 
dfc  10°  of  the  desired  temperature. 

The  nominal  mechanical  properties  of  the  age- 
hardened  !8Ni  maraging  steels  are  listed  in  Table  2-1 . 
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Additional  data  regarding  high-strength  iWi 
maragin.g  steels  will  be  found  in  R;:5.  I. 

2-2.2  NONFERSiOUS  MSTALS 
2-2.2.1  Ceaers! 


data  to  assist  the  designer  in  formulating  the  re- 
quired decision 

Comparative  mcchsnical  properties  for  representa- 
tive iionfcncus  alloys  arc  given  in  Tabit  2-3 


A brief  review  of  nonfenous  r.-tefafs  and  ilied 
application  to  the  construe,’ ion  of  hef. copiers,  as  well 
as  of  some  ol  the  parameters  governing  the  choice  of 
one  metal  among  many  for  a pawctJar  application, 
along  with  detail  design  data,  is  found  in  AMCP  706- 
100  and  in  MIL-HDBK  5. 

Metals  su«.h  as  alnmimu,t.  magnesium,  or  ti- 
tanium may  be  selected  because  of  their  relatively 
light  weights.  Other  factors  in  material  selection  in- 
clude corrosion  resistance,  thermal  and  electrical 
conductivity,  lubricity,  softness,  cost  and  ease  of 
fabrication,  hardness,  stiffness,  and  fatigue  resis- 
tance. Usually,  it  is  the  sum  of  a number  of  factors 
that  influences  a designer  to  select  the  sequence  of 
materials  and  fabrication  processes  that  constitute  a 
design  item.  This  discussion  is  intended  to  provide 


TABLE  2-i 


nnAororiL'C  HIT  ffiNlt 

■ ■"'i  ^»»»»^  *“* 


MAR  AGING  STEELS 


SLRIES  | 

350 

300 

250 

200 

ULTIMATE  TENSILE  j 

STRENGTH, psi 

365,000 

293,000 

260,000 

210.00U  | 

0.2-,  YIELD  STRENGTH,  psi 

355,000 

290,000 

255,000 

206,000  j 

ELONGATION^ 

10.0 

11.8 

13.0 

12.5  I 
..  | 

REDUCTION  OF  AREA> 

50.0 

57.0 

61.0 

62.0  | 

NOTCH  TENSILE  STRENGTH, 
(Ktz9.0’,  psi 

330,000 

nnn 

■■ 

.190,000 

325.000  > 

i 

C HARPY  V -NOTCH, fl-lb 

11.0 

17.0 

19.0 

28. 0 

fatigue  endurance 

LIMIT  (lO*  CYCLES),  PS' 

120,000 

120,000 

115,000 

115,000 

ROCKWELL "C" 
HARDNESS 

5'  60 

52  55 

47  51 

41  45 

COMPRESSIVE 
YIELD  STRENGTH,  rsi 

388,000 

272,000 

246,000 

183.000 

TABLE  2-2 

COMPARATIVE  MECHANICAL  PROPERTIES 
FOE  SELECTED  NONFERROUS  ALLOYS 


property 

MAGNLSlUM 

Al  UKWJY. 

TIIANUJM 

COPPER 

A29IC  14 

2017 

4A1U‘.0I  V 

CART.  BRASS 

YiCLD  STRENGTH.  Isi 

1 « 

32 

145 

II 

I ENSILE  STRENGTH.  Vs, 

34 

Jr, 

175 

44 

elongation,  • 

" 7 

12 

5 

66 

MODULUS.  10’  Hi 

6.5 

10.4 

15.5 

— 

HARDNESS  iR'iht 

55 

45 

200 

— 

\ 

2-2. 2-2  /ilumlifSitn  Alloys 

MiL-HDBK-691*  contains  a comprehensive  dis- 
cussion of  idivnmum  alleys,  along  with  design  lata 
end  a complete  summary  of  standardization  occu- 
metus,  including  military,  federal,  and  industry  speci- 
fications. These  specifications,  cover  most  of  the  uses 
of  aluminum  in  detail  and  should  be  consulted  before 
proceeding  with  design. 

With  few  exceptions,  aluminum  alloys  are  de- 
signed either  for  casting  or  for  use  in  wrought  pro 
ducts,  but  not  for  both  Although  some  general- 
purpose  alloys  arc  available,  compositions  normally 
arc  formulated  so  as  to  satisfy  specific  requirements. 
The  more  uide'y  used  and  readily  available  com- 
positions are  covered  by  Government  specifications. 
Most  arc  adaptable  to  a variety  of  applications. 

The  Aluminum  Association  has  devised  a four- 
digit system  Tor  wrought  alloys  in  which  the  first 
number  designares  int:  major  alloying  element.  Thu>. 

I is  pure  aluminum,  2 is  copper.  3 is  manganese,  4 is 
silicon,  S is  magnesium,  6 is  magnesium  and  silicon, 
and  V is  zinc.  The  last  two  digits  are  supposed  to 
designate  the  aluminum  purity,  but  the  exceptions 
destroy  the  rule.  However,  the  more  frequently  used 
alloys  become  familiar  to  the  designer.  The 
aluminum  casting  alloys  usually  arc  identified  by  ar- 
bitrarily selected  commercial  designations  of  two- 
and  three-digit  numbers 

Most  aluminum  alloys  used  for  wrought  products 
contain  less  than  7%  of  alloying  elements.  By  regula- 
tion of  the  amounts  and  types  of  elements  added,  the 
properties  of  the  aluminum  can  be  enhanced  and  its 
working  characteristics  improved.  Special  com- 
positions have  been  developed  for  particular  fabrica- 
tion processes,  such  as  forging  and  extrusion. 
Wrought  alloys  are  produced  in  both  heat-treatable 
and  nonheat-treatable  types.  The  mechanical  proper- 
ties of  the  nonhcat-trealable  materials  may  be  varied 
by  strain-hardening  or  by  a combination  of  slrain- 
h;”-dening  and  annealing 

i he  aluminum  alloys  specified  for  casting  purposes 
contain  one  or  more  alloying  elements;  the  maximum 
amount  of  any  one  element  must  not  exceed  12%. 
Some  alloys  are  designed  for  use  in  the  as-cast  con- 
dition; others  are  designed  to  be  heat-treated  in  order 
to  improve  their  mechanical  properties  and  di- 
mensional stability.  High  strength  with  good  ductility 
can  be  obtained  by  selecting  the  appropriate  compo- 
sition and  heat  treatment. 
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The  heat-treatment  and  temper  designations  for 
aluminum  arc  long  and  complex.  The  designations 
most  frequently  stamped  on  products  arc:  F-as 
fabricated;  O-anncaled;  H-strain-hardcned  (many 
subdivisions);  T2-  (cast  products  only);  T4-sotution 
heat-treated  and  naturally  aged,  and  T6-solulion 
heat-treated  and  artificially  aged.  The  heat  treatment 
of  aluminum  alloys  is  detailed  in  MIL-H-608B.  The 
processes  commonly  used  are  solution  heat  treat- 
ment. precipitation  hardening,  and  ennea'ing.  A 
small  amount  of  cold-working  after  solution  heat 
treatment  produces  a substantial  increase  in  yield 
strength,  some  increase  in  tensile  strength,  and  some 
loss  in  ductility.  Rapid  quenching  will  provide 
maximum  corrosion  resistance,  while  a slower 
quench — used  for  heavy  sections  and  large  forg- 
ings—tends  to  minimize  cracking  and  distortion. 

Most  forming  of  aluminum  is  done  cold.  The  tem- 
perature chosen  permits  the  completion  of  the  fabri- 
cation without  the  necessity  for  any  intermediate  an- 
nealing. Hot-forming  of  aluminum  usually  is  per- 
formed at  temperatures  of  300°-400°F,  and  heating 
periods  are  limited  to  15-30  min.  When  nonheat- 
trcaiabie  alloys  are  io  be  formed,  the  temper  should 
be  just  soft  enough  so  as  to  permit  the  required  bend 
radius  or  draw  depth.  When  heat-treatable  alloys  are 
used,  the  shape  should  govern  the  alloy  selected  and 
its  temper. 

To  a great  extent,  the  choice  of  an  alloy  for  casting 
is  governed  by  the  type  of  mold  to  be  employed.  In 
turn,  the  type  of  mold  is  determined  by  factors  such 
as  intricacy  of  design,  size,  cross  section,  tolerance, 
surface  finish,  and  the  number  of  castings  to  be  pro- 
duced. In  all  casting  processes,  alloys  with  high  sili- 
con  content  are  useful  In  the  production  of  parts  with 
thin  walls  and  intricate  design. 

The  most  easily  machined  aluminum  alloy  is  201 1- 
T3,  referred  to  as  the  free-cutting  alloy.  In  general, 
alloys  containing  copper,  zinc,  and  magnesium  as  the 
principal  added  constituents  are  machined  the  most 
readily.  Wrought  alloys  that  have  been  heat-treated 
have  fair  to  good  machining  qualities. 

The  welding  of  many  aluminum  alloys  is  common 
practice  because  it  is  fast,  easy,  and  relatively  inex- 
pensive. Welding  is  usciul  especially  for  making  leak- 
proof  joints  in  thick  or  thin  metal,  and  the  . css 
can  be  employed  w'th  either  enst  or  wrought  . 
num  or  with  a combination  of  both.  The  re  i . 
low  melting  point,  the  high  thermal  conductivir  . m • 
the  high  thermal  expansion  pose  problems.  ' , . 
heating  is  necessary  when  welding  heavy  sectu  : • 
otherwise,  the  mass  of  the  parent  metal  will  cond. 
the  heat  away  too  rapidly  for  effective  welding.  , 
rapid  welding  process  is  preferred  in  order  to  mini- 


mize distortion  due  to  expansion  and  contraction. 
Molten  aluminum  bsorbs  hydrogen  easily,  and  this 
may  cause  porosity  during  cooling.  Because  they 
provide  a protective  inert-gas  shield,  TIG  and  MIG 
welding  are  common  choices.  TIG  is  an  inert-gas 
shield-arc  process  with  a tungsten  electrode,  and 
MIG  is  an  inert-gas,  shielded-metal-arc  process  using 
covered  electrodes.  A suitable  flux,  and  mechanical 
(stainless  steel  brush)  removal  of  the  oxide  film  just 
prior  to  welding,  arc  mandatory.  Certain  aluminum 
alloys  — 20(4,  7075,  etc.  — are  extremely  difficult  to 
fusion  weld  (excluding  spot  welding)  and  normally 
would  not  be  used  in  structural  applications  when 
welded.  Brazing  is  somewhat  more  difficult,  and 
soldering  of  aluminum  is  extremely  difficult.  The 
other  joining  processes  include  riveting  and  adhesive 
bending,  both  of  which  arc  used  extensively  in  air- 
craft structures. 

Applications  for  aluminum  in  helicopters  include 
the  sheet-metal  exterior  surface  of  the  fuselage, 
framing,  stringers,  beams,  tubing,  and  other  usages 
where  the  density,  corrosion  resistance,  and  ease  of 
fabrication  of  alum- turn  give  it  an  advantage  over 
steel  Shu  Winn,  its  higher  strength  and  modulus 
properties  give  it  an  advantage  over  magnesium. 
2-2.2.3  Mfignesium  Alloys 

M1L-HDBK-693  provides  a comprehensive  dis- 
cussion of  magnesium  alloys  and  their  properties, 
and  also  describes  design,  fabrication,  and  per- 
formance data.  Numerous  Military  and  Federal 
Specifications  covering  specific  shapes,  forms,  and 
pi, 'cesses  also  are  summarized. 

I . e outstanding  characteristic  of  magnesium  is  its 
ii"l.,  weight.  This  is  important  in  helicopter  design, 
v,  hen  payload  ratio  is  a direct  function  of  vehicle 
".cigt'  Magnesium  is  two-thirds  os  heavy  as  a/umi- 
rum  ; ,1  one-fourth  as  heavy  as  steel.  The  low  densi- 
t\  is  i ■ t effective  in  relatively  thick  castings,  where 
the  r :>■  used  rigidity  of  magnesium  is  an  additional 
benefit  < or  this  reason  magnesium  is  used  fre- 
quent.- i main  rotor  gearboxes,  motor  trans- 
nmsi' : • usings,  and  many  other  load-bearing 

ippiic  . ;n  helicopters.  Most  of  the  helicopter 
povic  s>-.„  > have  several  hundred  pounds  of  mag- 
ucmum  ■ it,’  r construction. 

The  (American  Society  for  Testing 

Muicn  .u  unclaturc  system  is  used  exclusively  in 
Vml-.  . >?  rsium  alloys.  In  this  sytem,  the  first 
'-old  • the  principal  alloy  elements,  while 

th.  nr:  - . , ate  the  respective  percentages. 

I'li.  -,  > .....  aluminum,  F rare  earth,  H 

• tin.  i ■ . c-m  cm,  L lithium,  M manganese,  Q 

•ilv<  l o ,-  inc.  By  this  designation,  AZ91C 

Per 'i  liloy  of  magnesium  containing  9% 
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aluminum.  !'^  zinc,  and  having  a “C"  variation. 

The  heul-trcut  and  temper  designations  lor  mag- 
nesium virtually  are  identical  to  those  lor  aluminum. 
The  temper  designations  used  are  those  in  ASTM 
B2V6. 


There  are  four  groups  of  magnesium  casting  al- 
loys. The  Mg-A  and  Mg-Z  binary  systems  are  de- 
signed for  use  at  temperatures  below  300° I and  are 
of  lower  cost.  The  Mg-F  and  the  Mg-H  binary  sys- 
tems arc  designed  for  good  strength  in  the  500°- 
800°  F range.  The  choice  of  casting  composition  is 
dictated  largely  by  certain  features  of  the  design,  and 
hy  cost  and  method  of  production.  For  magnesium 
alloys,  the  important  casting  processes  arc  sand,  per- 
manent mold,  and  die.  The  choice  of  a casting 


process  depends  upon  the  size,  shape,  and  minimum 
section  thickness  of  the  part;  and  upon  the  tolerances, 
types  of  surface  Finish,  number  of  pieces  to  be  pro- 
duced. and  relative  cost  of  finishing  the  part. 

Magnesium  alloys,  both  cast  and  wrought,  have 
outstanding  mucninability.  Greater  depths  of  cut  and 
higher  cutting  rates  can  be  used  with  these  metals 
than  with  other  structural  metals.  Magnesium  docs 
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polish  the  material  in  order  to  obtain  an  extremely 
fine  Finish.  The  chips  from  machining  readily  clear 
the  work  and  the  tools. 

Because  of  its  position  in  the  electromotive  series, 
magnesium  is  subject  to  more  corrosion  than  are  the 
other  structural  metals.  The  many  corrosion  prob- 
lems associated  with  the  use  of  magnesium  severely 
limit  its  use  in  rotary  aircraft.  Magnesium  alloys  shall 
hoi  be  used  for  parts  that  are  not  readily  accessible 
for  inspection,  application  of  protective  Finish,  and 
replacement. 

Magnesium  cannot  be  weioed  satisfactorily  to 
other  metals,  and  welding  of  magnesium  to  mag- 
nesium can  be  accomplished  reliably  only  by  a skill- 
ed operator.  The  metal  also  cannot  be  soldered 
properly.  Thus,  electron  beam  (EB)  welding  is  the 
most  satisfactory  welding  process,  although  flux  dip 
brazing  also  may  be  used;  care  must  be  employed  in 
removing  all  of  the  flux  because  of  the  danger  of  cor- 
rosion. The  best  method  of  joir  ,ig  magnesium  in  thin 
sections  is  by  adhesive  bonding. 


2 -2. 2. 4 Titanium  Alloys 

MIL-HDBK.-697  contains  a comprehensive  des- 
cription of  titanium  alloys  and  their  properties,  and 
discusses  design,  fabrication,  and  performance,  in 
addition,  seven  Military  Specifications  for  specific 
forms  of  titanium  will  be  found  in  Refs.  2 and  3. 

Although  titanium  is  relatively  costly,  its  high 
strength-to-weight  ratio,  excellent  corrosion  re- 
sistance, and  capability  of  performing  at  con- 
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siderahly  higher  temperatures  than  aluminum  often 
give  it  advantages  lor  particular  applications,  as  in 
the  hoi  structures  and  exhaust  ducting  for  helicopter 
power  systems.  Indeed,  increased  payloads  resulting 
from  weight  savings  can  more  than  offset  the  initial 
costs,  and  in  the  long  run  titanium  may  prove  less 
costly  for  specific  applications  than  lower-priced 
materials. 

I itamum  is  available  from  tin  mills  in  various 
wrought  shapes  and  in  a wide  range  of  alloyed  and 
unalloyed  grades  including  billet,  bar,  extrusions, 
plate,  sheet,  and  tubing  The  mill  products  can  be 
grouped  into  three  categories  according  to  the  pre- 
dominant phase  in  their  microstruciurc:  Alpha, 
Alpha-Beta,  and  Beta  titanium.  There  is  no  single  ac- 
cepted system  for  the  designation  or  classification  of 
titanium  and  its  alloys  as  there  ure  for  other  metals. 

Titanium  actual1’  is  easier  to  machine  than  the 
stainless  steels  because  the  effects  of  work-hardening 
are  far  less  pronounced.  Titanium  requires  low 
shearing  forces,  and  is  not  notch-sensitive.  Because  of 
these  properties,  it  can  he  machined  to  extremely  low 
micro-inch  finishes  On  the  other  hand,  the  sharp 
angle  of  cur!  of  the  chip  and  the  high  friction  cause 
the  shearing  point  to  heat  rapidly.  At  elevated 
temperatures,  titanium  tends  to  dissolve  anything 
within  contact,  and  the  cutting  tool  is  dulled  reedily. 
Further,  the  carbides  and  oxides  on  the  forged  pieces 
are  extremely  abrasive  to  ton's  and  must  be  removed 
by  nitric-hydrofluoric  acid  treatment  prior  to 
machining.  Oveiall,  considerable  knowhow  is 
required  for  the  economical  machining  of  titanium. 

Titanium  assemblies  are  joined  by  spot,  seam, 
flash,  und  pressure  welding  techniques.  In  fusion 
welding,  the  TIG  process  is  used;  heavy  welding  also 
requires  inert  ga.;  on  the  bottom  of  the  weld.  EB 
welding  is  quite  sai.  sfactory. 


2-2. 2. 5 Copper  and  Copper  Alloys 

A comprehensive  discussion  of  copper  and  copper 
alloys  and  their  properties,  design  and  fabrication 
characteristics,  and  design  and  performance  data  is 
contained  in  MIL-HOBK-698. 

The  various  forms  of  copper  and  copper  alloys 
have  found  only  limited  use  in  helicopters  Their  ther- 
mal and  electrical  conductivity  properties  arc  advan- 
tageous in  inserts,  studs,  bushings,  etc.,  where  low 
load  lubricity  is  desired.  Beryllium  copper  is  useful 
for  springs  and  oilier  applications  where  its  good 
modulus,  hardness,  fatigue  resistance,  and  ease  of 
forming  are  advantageous.  However,  copper  alloys 
are  the  heaviest  of  the  common  structural  metals, 
and,  therefore,  have  a weight  disadvantage  in  uii- 
borne  applications. 

The  various  types  of  copper  and  its  alloy s are 
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hettcr  known  by  name  than  b>  code  number  The 
term  copper  is  used  when  the  material  cxccds  99.4'il 
purity.  The  principal  alloying  agent  of  brass  is  zinc, 
while  tin  is  the  principal  alloying  agem  in  bron/e.  The 
beryllium  coppers  have  small  percentages  ol  beryl- 
lium. producing  a remarkably  hard,  high-modulus, 
high-strength,  nonsparking  material. 

The  copper  and  copper  alloys  are  cast  readily  in  all 
ol  the  various  casting  processes.  The  alloys  are  cold- 
formed  easily,  and  are  capable  ol  being  rolled,  drawn, 
spun,  and  flanged.  In  hot-working  they  arc  rolled,  ex- 
truded. pierced,  and  forged  The  machtnability  of 
copper  alloys  is  excellent.  For  sand  eastings,  low 
speeds  and  coarse  feeds  are  used  for  removing  the 
scale  in  order  to  increase  tool  life.  It  is  better  to  re- 
move the  scale  by  sand  blasting  and  pickling. 

The  Clipper  alloys  are  welded  readily  by  all  the 
welding  processes,  although  their  high  thermal  con- 
ductivity is  a problem.  They  are  adaptable  to  bra/tng 
and  are  the  easiest  of  all  metals  to  solder. 

2-2.3  ELECTROLYTIC  ACTION  OF  DISSIMI- 
LAR METALS 

Dissimilar  metals,  as  defined  in  MII.-STD  889, 
should  not  be  used  together  in  helicopter  applica- 
tions unless  tlic  mating  surfaces  are  insulated  ade- 
quately. When  tape  is  used  between  two  dissimilar 
metals,  such  as  in  the  mounting  of  a magnesium  gear- 
box to  an  aluminum  airframe,  the  contractor  must  in- 
sure that  there  will  be  no  loss  of  mounting  torque  as  a 
result  of  norma!  usage  and  vibrations. 

Metals  can  be  grouped  in  four  categories,  as  shown 
in  Table  2-3 

Metals  grouped  in  any  one  of  the  categories  in 
Tabic  2-3  can  re  considered  similar  to  one  another, 
while  those  metals  placed  in  different  groups  should 
be  considered  dissimilar  to  one  another.  The  cate- 
gorization does  not  apply  to  fasteners  — such  as  ri- 
vets, holts,  nuts,  and  washers  — that  are  component 
parts  of  assemblies  and  usually  are  painted  prior  to 
being  used.  Instead,  the  metals  referred  to  are  surface 
metals.  For  example,  zinc  covers  all  zinc  parts,  in- 
cluding castings  and  zinc-coated  parts. 

TABLE  2-3 

GROUPING  OF  METALS  AND  ALLOYS 
(MIL-STD-889) 


GROUP  1 

MAGNhblUM  AND  ITS  AllOYS 

AIUUINIJM  AliOYS  WOb  tiOGl  AND  UUi3 

GROUP  II 

CADMIUM  7'N i\  ANu  AHIWINUM  AND  I Hi IR  Aluftb 
1 INC'.I  JDlNG  THf.  AlUMINlff  AlUlYS  IN  GROUP  lr 

GROUP  HI 

IRON  IFAD.  AND  1 1N  AND  TH[IR  AH  UtS 
(EXCLP1  St  AIM  fSS  STEELS! 

GROUP  1 V 

COPPER.  CHROMIUM  NicKFI  SU  VFR  GOLD.  Pi  ANNUM 
TITANIUM  GOB  At  T AND  RHOmUM  AND  THEIR  AUOYS 
SIAINUSS  STTFIS  AND  GRAPHITE 

Par.  2-2  2 2 details  the  use  of  aluminum  alloys  in 
helicopter  construction.  Aluminum  alloys  used  in 
helicopters  may  contain  copper  oi  zine  as  an  es- 
sential constituent.  In  sheet  form,  these  alloys  arc  sus- 
ceptible to  corrosive  action  resulting  in  u loss  of 
strength  of  the  material,  which  becomes  brittle  with- 
out evidence  of  surface  change.  Aluminum  alloys 
containing  magnesium,  magnesium  and  silicon,  and 
chromium  as  the  essential  alloying  constituents  are 
much  more  stable  under  prolonged  weathering  con- 
ditions than  are  the  aluminum  alloys  containing 
copper  or  zinc. 

Cadmium  behaves  similarly  to  zinc  as  a coating 
metal  in  affording  electrochemical  ptotection  of  fer- 
rous metals  against  corrosion.  Cadmium  plating  thus 
can  he  used  to  put  ferrous  metals  into  the  sumc  group 
as  aluminum  alloys,  giving  them  a similarity.  A de- 
tailed discussion  of  coating  processes  can  be  found  in 
par  2-t>  In  general,  when  two  dissimilar  metal  sur- 
faces come  in  contact  with  one  another,  a corrosive 
action  called  galvanic  action  cun  take  place.  Coating 
metals  are  used  as  thin  layers  between  dissimilar 
metals  to  prevent  this  type  of  corrosion. 

Table  2-4  illustrates  the  position  of  metals  with 
regard  to  their  susceptibility  or  lack  of  susceptibility 
to  galvanic  action. 

2-3  NONMETALL1C  MATERIALS 

23.1  GENERAL 

This  paragraph  discusses  the  applications  of  the 
thermoplastic  and  thermosetting  plastics,  elasto- 
mers. fabrics,  and  transparent  materials.  Other 
materials  — such  as  glass  in  light  bulbs  or  optical 
piping,  ceramics  and  mica  in  electrical  insulation,  and  ’ 
carbon  and  graphite  in  lubrication  or  electrical  con- 
tacts — also  play  significant  roles  in  helicopter  con- 
struction 

The  nonmetallic  materials  used  in  composite  struc- 
tures, reinforced  plastics,  and  other  composite 
materials  are  treatfd  in  par.  2-4;  plastic  materials 
used  as  sealants  and  adhesives  are  covered  in  par.  2-5. 
Comprehensive  discussions  and  detailed  design  data 
will  be  found  in  existing  documents.  Among  these 
are:  MIL-HDBK.-700.  MIL-HDBK-I7,  the  Modern 
Plastics  Encyclopedia,  published  annually  by 
McGraw-Hill,  and  the  Materials  Selector  Issue, 
published  annually  by  Reinhold  Publishing  Co. 

The  major  disadvantage  of  plastics  is  their  low 
modulus,  which  is  in  the  order  of  a few  hundred  thou- 
sand psi  compared  to  10  or  more  million  pst  for 
metals.  They  also  are  more  sensitive  to  heat,  soften- 
ing markedly  at  400° F and  below.  On  the  other  hand, 
plastics  can  be  as  strong  as  steel,  be  lighter  than  mag- 
nesium, and  have  better  abrasion  resistance  than 
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metals.  Normal  corrosion  is  not  a problem.  Although 
they  are  nonconductors  for  electricity  and  poor  con- 
ductors for  heat,  they  can  be  exceedingly  tough  and 
wear-resistant,  and  can  be  fabricated  in  a variety  of 
ways.  When  judiciously  selected  and  piopcrly  used, 
they  often  can  perform  better  at  lower  cost  than  any 
other  material. 

TABLE  2-4 

POSITION  OF  METALS  IN  THE  CALVAN'C 
SERIES 


CORROOED  ENDIANODIC, 
OR  LEAST  NOBLE) 


MAGNESIUM 
MAGNESIUM  ALLOY 
ZINC 

ALUMINUM  1V00 
CADMIUM 
ALUMINUM  2017 


STEEL  OR  I HON 
CAST  IRON 
LEAD-TIN  SOLDERS 
LEAD 


TIN 

BRASS 

COrhEh 

BRONZE 

COPPER-NICKEL  ALLOYS 

TITANIUM 

MONEL 

SILVER  SOLDER 
NICKa 
INCONEL 
CHROMIUM  IRON 
18-8  STAINLESS 
18  8-3  STAINLESS 
SILVER 


GRAPHITE 

GOLD 

PLATINUM 


PROTECTED  END  (CATHODIC, 
OR  MOST  NOBLE) 


SOURCE. 

REFERENCE  DATA  FOR  RADIO  ENGINEERS 
FEDERAL  TELEFHONE  8.  RADIO  CO.  3RD 
EDITION 


2-3.2  THERMOPLASTIC  MATERIALS 


Thermoplastic  materials  are  those  that  soften  when 
heated  and  harden  when  cooled.  Typical  of  the  ther- 
moplastic family  are  the  polyvinyls,  acrylics,  nylons, 
polycarbon  tes,  a, id  fluorocarbons.  Often,  these  have 
linear  micromolecular  structures.  Products  of  these 
materials  usually  are  formed  by  extrusion  or  by  in- 
jection molding,  and  they  are  available  for  manu- 
facturing in  the  form  of  rods,  tubes,  contoured 


shapes,  plate,  sheet,  and  film  and  in  a wide  range  of 
shapes,  sizes,  and  thicknesses.  The  materials  arc 
machined,  or  shaped  readily  by  thermoforming  pro- 
cesses. Many  items  may  be  purchased  in  the  finished 
form  as  produced  by  extrusion  or  injection  molding; 
included  arc  screws,  nuts,  bolts,  inserts,  grommets, 
straps,  pins,  knobs,  handles,  instrument  facings, 
housings,  boxes,  conduits,  electrical  receptacles, 
covers,  rails,  runners,  guides,  snaps,  and  slides.  Many 
of  these  items  arc  supplied  as  off-the-shelf  inven- 
tories in  a variety  of  sizes. 

Nylons  and  polycarbonates  arc  known  as  the  en- 
gineering plastics.  Nylon,  a polyimidc,  has  high 
strength  and  high  elongation,  giving  it  a toughness 
that  many  applications  depend  upon.  It  has  high 
modulus  in  flexure,  good  impact  strength,  a low  co- 
efficient of  friction,  and  high  abrasion  resistance,  as 
well  as  good  fatigue  resistance  under  vibration  con- 
ditions. Its  primary  disadvantages,  though  not  signi- 
ficant, are  dimensional  change  with  moisture  ab- 
sorption, and  the  need  for  incorporating  carbon 
black  in  order  to  protect  against  ultraviolet  de- 
gradation in  outdoor  use.  Nylon  is  used  in  gears, 
arms  and  other  contact  applications,  and  in  pressure 
tubing,  belting,  and  wear  pads. 

The  polycarbonates  are  aromatic  esters  of  car- 
bonic acid.  They  have  excellent  rigidity  and  tough- 
ness, high  impact  strength,  and  low  water  absorp- 
tion. They  are  stable  dimensionally  under  a wide 
range  of  conditions,  arc  creep-resistant,  and  arc 
transparent  and  stable  in  sunlight.  Probably  their 
major  deficiency  is  that  their  fatigue  resistance  is 
lower  than  is  desirable.  Polycarbonates  are  used  in 
shields,  lenses,  ammunition  chutes,  knobs,  handles, 
etc. 

The  acrylic  of  interest  here  is  polymethylmetha- 
crylate, better  known  as  Plexiglas.  This  plastic  has 
crystal  clarity,  outstanding  wcatherability  in  optical 
pioperties  and  appearance,  dimensional  stability, 
good  impact  resistance,  and  a low  water  absorption 
rale.  Its  major  deficiency  is  its  low  resistance  to 
scratching.  Its  major  use  is  as  window  glazing  and  for 
such  applications  as  transparent  aircraft  covers; 
covers  for  signal  lights,  where  its  ease  of  coloring  is 
advantageous;  and  in  other  optical  and  instrumenta- 
tion applications,  its  use  as  a window  material  is  dis- 
cussed in  par.  2-3.5. 

for  helicopters,  the  polyvinyls  are  used  largely  in 
the  form  of  sheeting  simulating  leather  or  upholstery 
fabric.  These  are  very  tough  and  wear-resistant.  In 
the  transparent  form,  they  arc  used  to  make  pockets 
and  holders  for  documents  and  maps. 

The  fluorocarbon  polymers  have  excellent  thermal 
stability  ai  continuous  temperatures  of  AOCP-SSO^F. 
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They  virtually  arc  inert  to  chemical  attack,  have  ex- 
cellent damping  properties,  and  have  outstanding 
electrical  characteristics,  such  as  high  dielectric 
strength,  low  dissipation  factor  and  radio  frequency 
(RE)  transparency  They  arc  used  widely  in  micro- 
wave  components  and  high-frequency  connectors,  as 
well  as  in  wire  coatings,  gaskets,  and  electrical  ter- 
minals. 


2-3.3  THERMOSETTING  MATERIALS 


A Ithourh  there  is  a great  diversity  in  the  chemical 
makeup  of  thermosetting  resins,  they  have  one 
chaiacteristic  in  common:  once  they  are  cross-linked, 
they  do  not  soften  undci  heat  and  cannot  be  formed 
by  thermolctming  processes.  With  the  application  of 
heat,  thermosetting  resins  undergo  a series  of  changes 
that  are  irreversible.  The  polymerisation  reaction 
that  occurs  results  in  such  a high  degree  of  cross- 
linking  that  the  cured  product  essentially  is  one  mole- 
cule. In  many  cases,  this  results  in  a highly  rigid  mole- 
cule of  good  thermal  stability.  The  thermosetting 
resins  usually  are  used  with  fillers  and  reinforce- 
ment. 

Three  of  the  most  widely  used  of  these  materials 


are  the  epoxy,  phenolic,  and  polyestei  icsins.  These 
are  employed  extensively  with  I ibcrglas  fabric,  with 
chopped  fiber  in  laminates,  in  sprayed  forms,  in 
filament-wound  structures,  in  honeycomb  sandwich 
structures,  and  in  combinations  with  halsa  wood  or 
formed  shapes 

The  epoxy  resins  arc  based  upon  the  reactivity  of 
the  epoxide  (troup  and  generally  are  produced  from 
bisphcnol-A  and  cpichloiohvdrin.  Epoxies  have  a 
broad  capability  for  blending  properties  through 
resin  systems,  fillers,  and  additives.  Formulations  can 
be  sofi  and  flexible  or  rigid  and  tough.  They  are  avail- 


able as  prepoiymcrs  for  final  polymerization  in  the 
form  of  powders  and  liquids  with  a w ide  range  of  vis- 
cosities. Some  cure  at  room  temperature,  while  others 
require  curing  at  elevated  temperatures.  The  powders 
may  be  transfer-^>ldcd  by  machine,  and  the  liquids 
may  he  cast.  More. often,  the  liquid  is  used  to  im- 
pregnate materials  for  bonding. 


The  outstanding  characteristic  ol  epoxies  is  their 
capability  to  form  a strong  bond  with  almost  any  sur- 
face. l or  this  reason,  they  are  used  widely  in  ad- 
hesive formulations.  The  molded  products  have  high 
dimensional  stability  over  a wide  range  of  tempera- 
tures and  humidities,  excellent  mechanical  and  shock 
resistance,  good  retention  of  properties  at  500"! . and 
excellen!  electrical  properties. 

The  phcnolics  are  the  oldest  and  the  least  ex- 
pensive of  the  thermosetting  plastics.  The  basic  resin 
is  manufactured  by  means  of  a reaction  between 


phenol  and  formaldehyde.  This  resin  is  blended  with 
dye,  filler,  and  curing  agents  to  make  the  molding 
powder,  which  is  called  the  “A"  stage  powder. 
Powders  such  as  these  are  molded  for  2 min  at  '25° I 
at  I 500  psi  pressure.  As  the  granules  are  warmed  by 
the  hot  mold,  the  resin  melts;  the  material  flows  and 
fills  the  cavity,  further  reacting  and  going  thiough  a 
rubbery  “B"  stage.  With  further  cross-linking  it 
reaches  the  "C”  stage,  at  which  it  is  hard  and  in- 
fusible. 

fillers  used  in  typical  phenolic  molding  powders 
are  fibrous  in  nature;  their  interlocking  fibers  act  to 
reduce  the  brittleness  of  the  cured  resin  Wood  flour 
is  used  most  commonly,  while  asbestos  and  graphite 
fibers  form  the  conventional  heat-resistant  plastics 
Paper  and  fabric  fillers  arc  used  for  high  impact  or 
shock-resistant  phenolics.  When  the  powders  are 
used  for  lamination  or  in  making  composite  struc- 
tures. a solution  of  the  resin  in  alcohol  is  used  to  im- 
pregnate the  fabric  and  then  “B"  staged.  The  layers 
of  impregnated  fabric  are  laid  together  and  then 
cured  by  heat  and  pressure. 

The  advantages  of  phenolics  arc  their  low  material 
processing  costs,  dimensional  stability,  excellent 
load-bearing  piopcities,  excellent  electrical  charac- 
teristics, and  good  weathering  properties  They  arc 
used  in  electrical  components,  receptacles,  conduits, 
housings,  etc. 

The  polyesters  are  plastics  lormed  of  chains  pro- 
duced by  repeating  units  of  a poly  acid  and  a polygly- 
col They  may  be  aliphatic  or  aromatic,  familiar 
forms  — fibers  such  as  Dacron  synthetic  fiber  or  My- 
lar film  — are  the  so-called  linear  polyesters.  More 
important  to  applications  in  helicopters  are  the  ther- 
mosetting resins.  These  arc  the  three-dimensional  or 
cross-linked  nnlyesters  that  are  formed  by  bridging 
unsaturated  polyesters.  In  this  foim.  the  polyester  is 
supplied  as  a syrupy  liquid  that  — when  mixed  with  a 
small  amount  of  curing  agent,  applied  to  a fabric, 
chopped  Fiberglas,  or  filament  tow,  and  laid  over  a 
form  — rapidly  reacts  so  as  to  establish  a rigid  struc- 
ture. Such  structures  are  of  particular  use  for  ra 
domes  because  of  their  Rf  transmission  and  excel- 
lent wcaiherability.  They  have  high  modulus  and  im- 
pact strength  as  well  as  excellent  flexural  and  tensile 
properties.  The  polyesters  niay  he  cast  in  order  to 
produce  glazing  materials. 

Another  highly  cross-linked  family  of  polymers 
consists  of  the  urethanes.  1 hese  arc  formed  by  the  re- 
action of  isocyanates  with  esters  and  unsaturates.  In 
the  process,  carbon  dioxide  is  evolved  and  forms  a 
highly  porous  structure.  The  stiffness  ranges  from 
soft,  flexible  foams  to  highly  ligid  foams.  The  flexi- 
ble foams  are  employed  for  cushioning  and  padding 
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and  lo  reduce  noise  and  shock,  as  well  as  for  thermal 
insulation.  The  rigid  foams  are  used  as  iight-weight 
stiffeners  in  structures. 

2-3.4  ELASTOMERIC  MATERIALS 

MIL-HQBK.-149  presents  a comprehensive  dis- 
cussion of  the  technology  of  the  elastomeric  materials 
and  their  applications.  Front  the  standpoint  of 
durability  and  performance,  natural  rubber  remains 
in  demand,  and  substantial  quantities  arc  used  in 
blends  with  SBR.  butyl,  and  other  synthetic  rubbers. 
Natural  rubber  is  a sterospccific  polymer  of  iso- 
prene. 

Its  applications  in  pneumatic  tires,  bumpers,  shock 
absorbers,  etc.,  as  well  as  in  belting,  gaskets,  and 
seals,  are  well  known.  Substantial  quantities  con- 
tinue tc  be  employed  in  helicopters.  Carbon  black 
constitutes  about  50%  of  the  weight  of  these  com- 
positions. 

A more  advanced  synthetic  rubber  is  nennrci.e,  a 
general-purpose  synthetic  made  by  emulsion  poly- 
merization of  chloroprenc.  A notable  characteristic 

nf  tkiv  rjKkjj  it  it  e f«iclonrv  fA  g2F.o!iP.?.  fliClS,  lubfl- 

eating  oils,  and  other  solvents,  a id  its  excellent  re- 
sistance to  weather-oxidations,  ozone,  and  ultra- 
violet light.  It  has  gooa  tensile  strength,  tear  resis- 
tance, abrasion  resistance,  ar.d  rebound  characteris- 
tics, and  excellent  adherence  to  metal  and  fabrics.  It 
provides  average  insulation  and  has  excellent  di 
electric  strength.  In  helicopters,  it  is  used  to  coat 
radomss  and  the  leading  edges  of  the  rotors  for  pro- 
tection against  abrasion  by  rain  and  dust.  It  also  is 
used  in  boots  on  other  leading  edges  and  areas  where 
wear  is  a factor;  and  in  transmission  belts,  hoses, 
tires,  seals,  and  tlcCtriC.il  applications. 

Another  important  family  of  elastomeric  materials 
is  the  silicones,  which  are  used  in  many  diverse  and 
seemingly  unrelated  applications.  The  silicones  art 
otgano-poly- siloxanes,  having  alternating  silicon  and 
oxygen  atoms  in  the  backbone  of  the  chain.  The  sili- 
cone resins  may  be  cast,  extruded,  or  injection- 
molded  so  as  to  form  shaped  products.  They  are 
available  in  sheet  or  bulk  form;  as  a range  of  pastes 
and  liquids  for  use  as  adhesives,  sealants,  and  coat- 
ings; and  as  powders  for  foaming.  They  are  stable 
continuously  at  temperatures  from  - 140°  to 
+600°F,  and  intermittently  to  700®  F.  They  arc 
weather-resistant,  have  high  dielectric  strength  and  a 
low  dissipation  factor,  and  are  bonded  easily  to 
metals,  ceramics,  and  plastics  substrates.  Aromatic 
solvents  and  chlorocoinpounds  swell  silicones,  and 
they  have  higher  gas  permeability  than  do  other 
rubbers.  They  are  used  as  foaming  agents,  encapsu- 
lating resins,  sealants,  and  in  electrical  applications. 


2-3.5  WINDOW  MATERIALS 


Giazing  materials  and  methods  of  attachment  are 
discussed  in  detail  in  MIL-HDBK-17.  That  docu- 
ment also  lists  additional  Military  Specification/.' 
coveting  specific  glazing  materials,  resins,  cements, 
and  processes  for  the  design  and  fabrication  of  win- 
dow systems.  j 

The  optical  properties  of  greatest  significance  for 
aircraft  glazing  are  surface  reflection,  index  $sf  re- 
fraction, absorption  of  light,  and  transmission  of  an 
undistorted  image.  The  thermal  properties  of  pri- 
mary concern  are  the  coefficient  of  expansion,  the 
thermal  conductivity,  and  the  distortion  tempera- 
ture. The  major  physical  properties  are  density  and 
hardness,  or  scratch-resistance;  the  major  mechani- 
cal properties  are  tensile  and  compressive  strength 
and  the  modulus  of  elasticity.  The  ideal  glazing  will 
be  strong  enough  to  withstand  structural  and 
operational  (wind  and  water)  loads,  ha>d  enough  to 
remain  unscratched,  optically  clear  after  a life  of 
operation,  unchanged  by  thermal  loads,  and  unaf- 
fected by  the  weather. 

Although  no  materials  possess  all  of  these  de- 
sirable characteristics,  there  are  several  that  perform 
very  well.  The  three  glazing  materials  that  are 
employed  most  often  arc  glass,  cast  polyester,  and 
cast  actylic  (methylmethacrylate).  Polycarbonate,  an 
otherwise  strong  contender,  has  not  yet  been 
produced  economically  in  large  sheets  with  the  re- 
quired optical  properties. 

Monolithic  glass  is  used  in  helicopters  only  when 
use  temperatures  exceed  the  performance  ttmpera- 
tures  of  the  laminated  glasses  and  the  poivmeric 
materials.  The  lamination  of  glass  with  plastic  im- 


prove*  the  resistunec  to  therms!  Hnd  mechanics! 
stresses,  and  minimize:  the  possibility  of  complete 
failure  of  a panel.  Splintering  of  the  glass  is  pre- 
vented, although  the  load-carrying  capacity  of  the 
laminated  glass  is  less  than  that  of  plate  glass.  The 
plastic  interlayer  is  selected  so  as  to  provide  the  great- 
est ability  to  absorb  impact  energy.  Polyvinyl  buty- 
ral  is  the  most  common  interlayer  material  for  both 
glass  and  plastic  laminates. 

A new  thermosetting,  polyester- base,  transparent 
sheet  material  has  been  developed  under  the  trade 
name  "Sierracin  880".  St  can  be  used  for  aircraft  en- 
closure:, that  operate  at  suilace  temperatures  of  up  to 
300°  F,  and  is  characterized  by  its  two-stage  cure. 
After  forming  and  post-curi.ig,  the  ultimate  physical 
properties  of  this  materia!  arc  obtained.  Sierracin  880 
generally  is  used  as  a laminate  with  acrylic,  and  is 
described  in  MIL-P-8257. 

The  glazing  material  used  nost  widely  for  heli- 
copters is  cast  polymethylmethacrylate.  In  many  air- 
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craft,  it  constitutes  a major  portion  of  the  fuselage 
walls,  l-’or  window  applications,  the  stretched,  modi- 
fied acrylic  sheet  is  preferred,  per  MIL-P-25690.  The 
modified  material  has  slightly  higher  heat  resistance 
than  does  heat-resistant  polymethylmethacrylate, 
along  with  better  resistance  to  crazing  and  solvents. 
When  stretched  to  60-100%  biaxially  or  multiaxially. 
acrylic  sheets  develop  increased  resistance  to  crazing, 
higher  impact  strength,  and  improved  resistance  to 
crack  propagation  — without  detrimental  effects 
upon  their  other  properties  except  for  reduced  abra- 
sion resistance  and  laminar  tensile  and  shear 
strengths.  The  sheets  may  be  formed  thermally  to  dif- 
ferent contours.  Laminated  plastic  glazing  materials 
are  made  by  bonding  two  or  more  layers  of  acrylic  or 
polyester  plaSlic  sheet  to  a soft  plastic  interlayer  by 
means  of  an  adhesive.  This  process  greatly  improves 
the  impact  and  structural  strengths  of  the  material. 
Laminated  plastic  glazing  materials  are  defined  in 
MIL-Py5374 

Differing  thermal  expansion  rates  of  glazing 
materials,  edge  attachment  materials,  and  metal  air- 
frames present  one  of  the  major  problems  in  the 
design  of  window-glazing.  For  all  types  of  glazing,  an 
J edge  wrap  is  used  in  order  to  minimize  the  propaga- 
tion  of  stresses  originating  in  cracks  and  chips  at  the 
edges.  The  preferred  wrap  is  two  or  more  layers  of 
polyester  (Dacron)  fabric,  \5oven  from  twisted  yarns 
and  impregnated  and  bonded  ir.  place  with  epoxy 
resin.  Th  wrap  overlaps  sufficiently  on  the  glaze 
material  and  extends  sufficiently  beyond  the  edges  to 
absorb  the  stresses  of  attachment  closure  and  at  the 
same  lime  ;o  distribute  the  load  uniformly  across  the 
window.  There  arc  many  closure  designs,  but  the  pre- 
ferred enclosure  will  be  designed  so  as  to  hold  the 
glaze  securely  in  a sliding  grip  in  such  a manner  as  to 
allow  for  reciprocal  longitudinal  motion  — as  the 
glaze  expands  and  contracts  — while  always  applying 
a comprehensive  load  endwise.  This  may  be  achieved 
by  placing  a compressible,  neoprene-impregnated 
lube  at  the  bottom  of  the  closure  channel.  The 
closure  will  be  attached  rigidly  to  the  airframe.  The 
contacting  areas  between  the  closure  and  the  edge 
wrap  will  be  sealed  with  a flexible  sealant,  preferably 
one  made  of  silicone. 

2-4  COMPOSITE  STRUCTURES 

2-4.1  FIBERGLAS  LAMINATES 

Of  all  the  fibers  available  for  the  reinforcement  of 
. j plastics,  glass  is  used  by  far  the  most  widely.  Of  the 
. various  glass  compositions,  only  two  are  important  in 

aircraft  construction:  “E”  and  "S”  glass.  "E"  glass  is 
\ used  extensively;  “S”  glass  provides  greater  tensile 


strength  and  modulus,  but  is  considerably  more  ex- 
pensive. 

The  major  advantages  of  glass-reinforced  plastic 
(GRP)  over  isotropic  structural  materials  (primary 
metals)  include: 

1.  Formability  and  versatility.  Large  complex 
parts  and  very  short  production  runs  are  practical. 
Because  there  are  few  limitations  on  size,  shape,  and 
number  of  parts,  design  freedom  is  maximized.  In  ad- 
dition, the  reinforcement  can  be  oriented  as  desired  in 
order  to  increase  properties  in  specific  directions. 

2.  Chemical  stability.  GRP  is  resistant  to  most 
chemicals,  and  does  not  rust  or  corrode. 

3.  Toughness.  Good  impact  resistance  is  a feature 
of  GRP. 

4.  Strcngth-to-weight  ratio.  Specific  strength  of 
GRP  is  very  high.  For  example,  unidirectional  GRP 
has  u specific  strength  about  five  times  that  of  the 
commonly  used  steel  and  aluminum  alloys. 

5.  Insulation.  GRP  is  a good  thermal  and  elec- 
trical insulator,  and  therefore,  wiii  transmit  radar  and 
radio  waves. 

c Xcpairability.  M inor  d?.T!5gf  ran  he  oalchcd 
readily  and  effectively. 

On  the  other  hand,  GRP  has  certain  disadvan- 
tages compared  to  other  construction  materials, 
namely: 

1.  Nonuniformity.  Variations  in  material  proper- 
ties within  a part  and  front  part  to  part  are  inherent  in 
most  of  the  fabrication  techniques. 

2.  Low  modulus.  Stiffness  of  GRP  is  relatively 
low. 

3.  Slow  fabrication.  Production  rates  are  low  in 
comparison  with  most  metal-forming  operations. 

Thus,  GRP  construction  is  most  advantageous  for 
parts  with  complex  shapes  that  would  be  difficult  to 
form  from  metal,  for  parts  with  anisotropic  strength 
requirements,  or  in  applications  where  the  con- 
ductivity or  poor  dent  or  corrosion  resistance  of 
metals  present  a problem. 

Some  typical  GRP  applications  in  helicopter  con- 
structor! arc  in  canopies,  covers,  ®nd  shrouds  (for 
formability,  specific  strength,  dent  resistance);  rotor 
blades  (for  formability,  anisotropic  strength,  and 
stiffness);  control  surfaces  (for  anisotropic  proper- 
ties, dent  resistance,  repairability);  and  antenna 
housings  (for  radio  frequency  transparency,  forma- 
brlity).  It  is  conceivable  that  an  entire  helicopter  air- 
frame can  be  constructed  from  GRP,  as  has  been 
done  on  several  small,  fixed-wing  aircraft. 

2-4.1. 1 Design  Considerations 

Design  rules  and  procedure  for  reinforced  plastics 
do  not  differ  markedly  from  those  for  metals.  Stress 
strain  curves,  however,  are  similar  to  those  for  wood 
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(which  also  is  a fiber-rcinforccd  composite)  in  that 
there  is  no  yield  point. 

As  Part  ! of  M1L-HDBK-I7  contains  con- 
siderable property  data  on  specific  materials,  only 
generalities  are  considered  here. 

There  are  two  essential  ingredients  in  glass- 
reinforced  plastics:  glass  fibers  and  resin.  A finish,  or 
coupling  agent,  that  enhances  adhesion  between  the 
glass  and  resin  usually  is  used  as  a coating  on  the 
glass,  and  may  be  considered  as  a third  component  or 
as  part  of  the  reinforcement.  The  resin  system 
generally  has  the  limiting  role  in  determining  the 
chemical,  thermal,  and  electrical  properties  of  a lami- 
nate, while  the  type,  amount,  and  orientation  of  the 
reinforcement  predominate  in  determining  the  basic 
mechanical  properties. 

2-4.1.2  Resin  Systems 

Essentially  all  GRP  laminates  arc  made  with  ther- 
mosetting resins  that,  when  mixed  with  suitable  cata- 
lysts or  curing  agents,  are  permanently  converted  to 
the  solid  state.  Reinforced  thermoplastics  (RTP), 
which  coniain  snort  glass  fibers,  arc  a rapidly 
growing  clement  of  the  injection-molding  industry: 
such  parts,  however,  arc  not  considered  laminates. 
Probably  95%  of  all  GRP  laminates  are  made  from 
polyester,  epoxy,  or  phenolic  resins.  For  very-high- 
temperature  service  (above  500° F).  silicone  (MIL-R- 
25506  and  M1L-P-255I8)  and  polyimidc  resins  arc 
available.  These,  however,  have  no  known  appli- 
cations in  current  helicopter  technology 

2 -4. 1.2.1  Polyesters 

These  are  by  far  the  most  widely  used  resins  when 
the  cnilrc  GRP  Industry  is  considered.  They  ure  low 
in  cost,  easily  processed,  and  extiemely  versatile. 
Available  types  range  from  rigid  to  flexible;  there  are 
also  grades  that  are  fire-retardant,  ultraviolet- 
resistant,  and  highly  chemical-resistant  The  upper 
temperature  limit  foi  long-term  operation  of  general- 
purpose  grades  is  200°F,  although  temperature-resis- 
tant resins  are  available  that  are  useful  up  to  500°  F. 
These  can  be  formulated  for  rapid  curing  at  room 
temperature  or  with  long  pot-life  for  curing  at  ele- 
vated temperature.  Thus,  they  commonly  arc  used  for 
wet  layups  but  prepregs  also  are  used  frequently.  Prc- 
pregs  that  cure  by  ultraviolet  light  also  arc  available 

Disadvantages  of  polyesters  include  high  shrinkage 
during  cure,  inherently  tacky  surface  if  cured  in  the 
presence  of  air,  odor,  and  fire  hazard  in  wet  layup 
fabrication  from  styrene  monomer  and  peroxide 
catalysis. 

Requirements  for  general-purpose  polyester  lami- 
nating resins  and  laminates  are  contained  in  MIL-R- 
7575  and  L-P-3B3,  respectively,  fire-resistant  resins 


and  laminates  arc  detailed  in  M1L-R-25042  and 
Mll-P-25395. 

2-4. 1.2.2  Epoxies 

Epoxies  probably  are  the  resins  most  frequently 
used  for  aircraft  GRP  laminates.  Although  about 
twice  as  costly  as  polyesters  or  phenolics,  epoxy 
resins  still  qre  inexpensive  for  most  applications. 
Mechanical,  electrical,  and  chemical-resistant 
properties  are  excellent.  Adhesion  to  most  substrates 
is  very  good,  and  cure  shrinkage  and  moisture  ab- 
sorption are  low.  Temperature  resistance  of  general- 
purpose  types  is  intermediate  between  that  of  poly- 
esters and  phenolics.  Formulation  and  fabrication 
possibilities  arc  extremely  versatile.  As  with  poly- 
esters, epoxies  can  be  formulated  for  uses  such  as  wet 
layups  or  prepregs  for  room-temperature  or  elcvated- 
tempevature  curing,  and  for  fire-retardancy.  The 
choice  of  curing  agent  plays  a majci  part  in  de- 
termining curing  characteristics,  temperature  resis- 
tance. chemical  resistance,  flexibility,  etc.  In  addition, 
a variety  of  modifiers  and  fillers  is  available  to  pro- 
vide specific  qualities. 

There  arc  relatively  few  disadvantages  with  epoxy 
resins.  However,  because  an.ine  curing  agents  that 
arc  commonly  used  in  room  temperature  curing  for- 
mulations may  cause  severe  deimaiitis,  skin  contact 
must  be  avoided.  MIL-R-9300  contains  require- 
ments for  epoxy  laminating  resins,  while 
requirements  for  epoxy  laminates  are  covered  in 
Mil -P-25421. 

2-4.1. 2.3  Phenolics 

Phenolic  resins  are  used  primarily  in  GRP  appli- 
cations where  an  inexpensive  material  with  heat  re- 
sistance up  to  500° F and/or  nonflammability'  is  re- 
quired. Excellent  electrical  properties  also  arc  ob- 
tained. Because  water  is  produced  and  released  in  the 
curing  reaction,  relatively  high  molding  pressure  is 
required  in  order  to  prevent  porosity  in  phenolic 
laminates.  Prepregs  nearly  always  arc  used. 

MII.-R-9299  and  MIL-P-25515  cover  the  require- 
ments for  phenolic  laminating  resins  and  phenolic 
laminates,  respectively 

2-4. 1.3  Types  of  Reinforcement 

Cilass  reinforcement  is  available  in  several  basic 
forms,  and  in  a wide  variety  of  specific  constructions 
within  these  basic  categories.  Those  forms  common- 
ly used  in  GRP  laminates  include  woven  fabric, 
chopped  fiber  ma»,  and  r.onwoven  continuous  tapes 
or  roving  Nearly  all  of  these  arc  derived  from  con- 
tinuous filaments  of  0.00023.  0.00028,  or  0,00038  in 
nominal  diameter.  Numerous  standard  yarn  con 
structions  are  available,  with  varying  numbers  of 
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parallel  filaments  per  strand,  strands  per  yard,  and 
twists  per  inch  of  the  strands.  Likewise,  there  is  a 
multiplicity  of  fabrics  woven  from  these  yams  that 
vary  not  only  in  type  and  amount  of  yarns  but  also  in 
the  type  of  weave.  MIL-Y-I14Q  is  an  excellent 
reference  for  definitions  and  requi  ements  for  ti.e 
various  yarns  and  woven  fabrics. 

The  type  of  reinforcement  selected  will  depend 
upon  the  mechanical  property  requirements,  part 
shape,  and  applicable  fabrication  technique  as  dis- 
cussed in  the  paragraphs  that  follow. 

2-4. 1.3.1  Nonwoven  Continuous  Filaments 

This  form  of  reinforcement  offers  maximum 
mechanical  properties,  but  has  minimum  fabrication 
possibilities  due  to  the  difficulty  of  placing  and  align- 
ing the  reinforcement  in  complex  shapes.  A big  ad- 
vantage where  this  type  of  construction  is  practi- 
cable is  tha'  the  fibers  can  be  oriented  in  proportion 
to  the  stress  in  any  given  direction,  filament  winding 
is  the  most  widely  used  fabrication  technique  with 
nonwoven  continuous  filaments.  This  construction  is 
covered  more  completely  in  par.  2-4.3. 

2-4. 1.3. 2 W o»eii  Fabric 

This  construction  provides  good  mechanical 
properties  and  formability  and  is.  therefore,  the  most 
commonly  used  reinforcement  in  aircraft  fabrica- 
tion. When  wetted  with  resin,  the  cloth  has  con- 
siderable ability  to  stretch  and  conform  to  rather 
complex,  contours.  Although  intended  specifically  for 
polyester  laminates,  M1L-C-9084  fabric  usually  is 
specified  for  laminates  made  with  all  resins.  Require- 
ments for  eleven  basic  fabrics  and  six  subtypes  are  de- 
fined in  the  specification.  Approximate  thickness  per 
ply  ranges  from  0.003  in.  for  112  fabric  to  0.027  in. 
lor  184  fabric.  (Still  heavier  fabrics,  woven  from 
rovings  rather  than  yarns,  arc  available  in  thicknesses 
of  up  to  0.045  in.  per  ply;  these  are  covered  in  MIL- 
C-1%63.)  Most  of  these  fabrics  are  balanced  weaves, 
with  nominally  equal  construction  in  the  warp  and 
(ill  directions;  181  fabric  at  0 009  in.  per  ply  is  the 
standard  balanced  fabric  upon  which  most  test  lami  - 
nates and  published  properties  data  are  based.  Repre- 
senting the  extreme  of  unbalance  is  143  fabric,  which 
has  a warp  strength  about  10  times  as  great  as  its  fill 
strength.  This  approaches  the  nonwoven  con- 
struction described  previously,  sacrificing  some 
mechanical  properties  for  improved  drapabilily. 
Most  high-strength,  glass-fabric-based  laminates  are 
made  from  181  and/or  143  fabrics 

As  with  MIL-C-9084,  M1L-Y-1I40  originally  was 
intended  for  polyester  laminates.  However,  its  re- 
quirements also  usually  arc  specified  for  fabrics  con- 
taining epoxy  compatible  finishes. 


2-4. 1.3.3  Chopped  Fiber 

The  third  common  form  of  reinforcement  is 
chopped  fiber  mat,  as  defined  by  MIL-M-IS6I7. 
Because  the  fibers  arc  short  tno  their  orientation  is 
completely  random,  this  material  is  very  coni- 
form able.  For  the  same  reasons,  and  also  because  of 
its  high  bulk  — which  limits  the  percentage  of  glass 
obtainable  in  a laminate  — mechanical  properties  are 
lower  than  with  roving  or  fabric.  Continuous  (swirl) 
strand  mat  is  another  variation  and  is  particularly 
useful  for  deep  contours.  In  both  types  of  mat.  the 
glass  is  held  in  place  with  a small  amount  of  resin 
binder.  Both  types  are  available  in  weights  ranging 
from  0.75  oz  to  3 oz  per  ft',  corresponding  to  lami- 
nated thicknesses  of  about  0.013  in.  to  0.050  in.  per 
ply.  Mat  reinfoiccmcnt  also  is  produced  preimpreg- 
nated with  resin;  this  is  called  sheet  molding  com- 
pound (SMC). 

Chopped  fiber  parts  can  be  fabricated  by  the  spray- 
up  or  preform  techniques  described  subsequently. 

2-4. 1.4  Fabrication  Methods 

As  previously  discussed,  each  of  the  common 
forms  of  glass  reinforcement  (roving,  fabric,  mat)  can 
be  purchased  either  dry  or  preimpregnated  with  the 
laminating  resin,  which  is  cured  or  dried  pariiaiiy  to  a 
solid  or  tacky  condition.  The  latter,  called  prepreg*. 
arc  advantageous  in  that  they  contain  a controlled, 
uniform,  and  readily  measurable  amount  of  resin. 
They  are,  therefore,  easier  to  lay  up.  because  wet  lay- 
up operations  often  are  messy  and  odorous.  Pre- 
pregs  can  be  obtained  with  varying  degrees  of  tack  so 
as  to  suit  the  specific  operation.  And.  because  com- 
plete quality  control  tests  can  be  made  before  the  part 
is  fabricated,  the  problems  of  incorrect  weighing  and 
mixing  of  the  resin  system  are  eliminated  completely. 
In  order  to  obtain  reasonable  shelf  life,  prepreg*  ar* 
formulated  with  curing  agents  or  catalysts  that 
require  heat  to  cure  (generally  250°-350°F  lor  at  least 
I hr).  Under  heal,  the  resin  melts  initially,  and  then 
converts  chemically  to  a thermoscl  solid.  Some 
pressure  almost  always  is  required  in  prepreg  lami- 
nating in  order  to  maintain  good  contact  between 
plies  of  reinforcement.  This  pressure  results  in  greater 
resin  flow  and,  consequently,  in  higher  glass  ratios 
and  better  mechanical  properties  than  are  obtained 
with  unpressurized  wet-iayup  laminates. 

Generally,  epoxy  resins  and  prepregs  of  roving, 
tape,  or  fabric  are  associated  with  components  of 
higher  quality,  cost,  and  strength,  while  polyester 
resins  and  wet-layup  (or  SMC)  processing  of  fabric  or 
mat  are  used  w here  maximum  required  properties  do 
not  justify  the  increased  costs.  Those  fabrication 
methods  applicable  to  construction  of  laminated 
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PROCKSS  COMPARISON  OMDK  FOR  <iRP  I AMINA  IPS 


PROCESS 


CONTACT 

MOLDING 

POLYESTER 

EPOXY 

VACUUM 

BAG 

POLYESTER 

EPOXY 

OPEN  M0U0 
HAND  LAYUP 

PRESSURE 

EAG 

POLYESTER 

EPOXY 

AUTOCLAVE 

POLYESTER 

EPOXY 

SPRAYUP 

POLYESTER 

EPOXY 

PREFORM 

P0LYES1ER 

EPOXY 

closeomold 

MATCHED-OIE 

molding 

MAT 

POLYESTER, 

phenolic, 

melamine, 

S 1 L iCON  t. , 
EPOXY 

fabric 

POLYESTER. 

PHENOLIC, 

MELAMINE, 

SILICONE. 

EPOXY 

NORMAL 

HBIRl'.LA$  |.  . D . ,, 

r IbLRuL  o 

BY  WEIGHT 


MAT 
FABRIC 
WOVEN  ROV 


MAT 
F ARRIC 
WOVEN  ROV 


MAT 
FABRIC 
WOVEN  ROV 


MAI 
FABRIC 
WOVEN  ROV 


CONTINUOUS 

ROV'NG 


MOLDING 


70  10  110 


MOLPINi 

PRFSCiJRf 


Sl/L  01  PR UP UG  IS 
1 0 DA  T L 
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GRP  helicopter  components  are  (liscutsed  subse- 
quently. General  guides  to  molding  processes,  and 
resulting  laminate  properties,  are  shown  in  Tables  2-5 
and  2-6.  respectively. 

2 -4, 1.4.1  Opt  ft  Mold  Hand  Layup 

I 

This  method  consists  simply  of  placing  the  re- 
quired number  of  plies  of  reinforcement  and  resin 
over  a single  mold  surface,  and  rubbing  or  rolling  out 
the  air.  Curing  then  is  accomplished  by  one  of  the 
following  processes: 

I.  Contact  molding.  The  laminate  is  allowed  to 
cure  without  the  application  of  pressure,  usually  at 
room  temperature.  Heat  can  be  applied  to  accelerate 
the  cure,  but  the  contact  process  usually  is  employed 
for  large  parts  and/or  short  production  runs,  and 
both  heat  and  pressure  may  be  impracticable.  A strip- 
pubic  film,  such  a*  cellophane,  sometimes  is 
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smoothed  onto  the  exposed  surface  of  the  layup  in 
order  to  provide  a better  finish. 

2.  Vacuum  bag.  A film  (usually  polyvinyl  alcohol 
t r nylon'/  is  placed  over  tire  surface  of  the  part  and 

sealed  at  the  edges,  or  the  entire  mold  is  placed  in  a 
bag.  A vacuum  is  then  drawn,  resulting  in  the  appli- 
cation of  atmospheric  pressuie  to  the  laminate.  I veil 
this  relative!.,'  low  piessure  (15  pst)  considerably  im- 
proves th  * laminate  quality  by  reducing  entrapped 
air  and  rcsiu-ricii  areas. 

3.  Pressure  bag.  In  this  case  a rubber  film  (often 
contoured  to  the  part  shape)  is  placed  ovci  the  layup 
and  the  mold  is  sealed  with  a pressure  plate.  Air  or 
steam  pressure  of  up  to  about  100  psi  then  is  applied 
to  the  cavity. 

4.  Autoclave.  In  this  variation  of  the  pressure  bag 
process,  the  entire  assembly  (mold,  layup,  rubber 
film)  is  placed  in  a steam  autoclave  -nd  cured,  nor- 
mally at  about  50-100  p.:.;. 
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TABI.F  2-« 

(.KM KRAI  PROPFRT fF.S  OBTAINABLF.  IN  GLASS  RKINKOK(  Kl>  PLASTICS* 


POLYESTER 

EPOXY 

PHENOLIC 

PROPERTY 

CLASS  MAT.  PREFORM, 
OR  SHEET  MOLDING 
COMPOUND 

CLASS  CLOTH 

GLASS  MAT 

GLASS  CLOTH 

GLASS  MATT 
OR 

CLOTH 

SPEC  It  >0  GRAV'D  Y 

1.35  TO  2.30 

1.50  TO  2.10 

1.8T02.C 

1.9  TO  2.0 

1.70  TO  1.95 

GLASS  CONTENT . - 
BY  WEIGHT 

25  TO  55 

60  TO  67 

40  TO  50 

65  TO  70 

45  TO  Sb 

TENSiLE  STRENGTH, 

l>s. 

15,000  1 0 25,000 

30,000 TO  70,000 

14 ,000  TO  30,000 

20,00010  60.000 

4,000  TO  60,000 

COMPRESSIVE  STRENGTH, 

|)SI 

TLEXURAL  STRENGTH, 
P6i 

15.000  TO  50,000 

2 5, 000  TO  50.000 

30,00010  38,000 

50.00010  70, COO 

17,000  10  40.000 

25,000  T 0 40,000 

40,000  TO  90,300 

20.00010  26,000 

70,0010  100,000 

10.000TO  95.000 

IMPACT  STRLNMH.IZOD 
0 ,5X0.5  m.  NOTCHED 
BAR  ill -!P  in. Of  NOTCH) 

8 TO  20 

5 TO  30 

8 TO  15 

1 ! TO  26 

8 TO  35 

WA  TER  ABSORPTION, 
24  In  1 . f>  in. 

| THICKNESS.', 

....... 

u.lll  lu  l.uu 

A nr  Tft  n * n 

u.u-  • u U.JJ 

! n nr  t r\  n nr 

U.UD  1 U U.3J 

n r i y r\  ■>  in 
U.UO  I'JU./U 

n i • - n n A 
U.i  1 KJ  U,7 

HEAT  RESISTANCE 
CONI  INU0US,"t 

300  TO  350 

300  TO  360 

330  TO  500 

330  TO  500 

350  TO  500 

BURNING  RATI 

SL  0)7-1 0-SELF- 

NONE 

extinguishing 

' 

VOL  RESISTIVITY  AT  50- 
RH  AND  73"  F.onnis  'car1 

1014 

io14 

I 3.8  X i 01 ' 

0.8X1C15 

7X1012 

I ARC  RESISTANCE, 
sc£  ...  .... 

120  TO  180 

60  TO  120 

| 125  T 0 140 

100  TO  no 

20  TO  150 

. 
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2-4. 1.4. 2 Spir.vup 

In  i his  method,  continuous  roving  is  chopped  into 
! - to  2-in. lengths  and  blown  into a spraying  stream  of 
resin  and  catalyst  that  is  directed  against  the  mold  (A 
fast  rooin-temperature-setting  polyester  generally  is 
used.)  The  mixture  is  hand  rolled  to  reduce  air  and 
level  the  surface.  The  resulting  part  is  similar  «n  con- 
struction to  a chopped  fiber  mat  hand  layup. 
Although  (his  . 'ess  is  very  efficient  for  large  com- 
ponents. it  has  limited  application  in  aircraft  con- 
struction due  to  poor  uniformity  of  thickness  and 
relatively  low  sir  h-to-weighl  ratios. 

2-4. 1.4.3  Matched  Die  Molding 

Whenever  closely  controlled  thicknesses  are  re- 
quired, two  mold  halves  are  necessary  Matched  die 
molding  also  is  practical  lor  high- volume  production 
even  w here  high-quality  surfaces  and  close  tolerances 
are  not  required.  Pressures  of  up  to  300  psi  and  tem- 

\ 


peratures  to  350° l:  commonly  are  used.  Prepreg 
fabrics  and  tapes  usually  are  sptefied  lor  aircraft 
applications  requiring  maximum  strength-to-weight 
ratios.  However,  for  complex  shapes  and  volume  pro- 
duction, chopped  glass  preforms  (held  together,  like 
mat.  b)  a small  amount  of  resin  binder)  frequently 
are  used. 

2-4. 1.5  Surface  Finishes 

For  many  applications,  a smooth  surface,  free 
from  an  pockets  and  exposed  glass  fibers,  is  required. 
Such  a surface  may  be  specified  in  order  to  improve 
outdoor  weathering  characteristics,  material-hand- 
ling capabilities,  human  contact  applications,  or. 
siinp'v,  appearance.  There  are  three  different 
methods  used  to  obtain  a smooth,  resin-rich  laminate 
surface: 

I.  Veil  mats.  These  consist  of  loose,  nonwovtn 
mats  of  glass  or  synthetic  fibers.  Thickness  may  range 
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from  0.00 1 to  0.030  in.  They  are  so  loosely  con- 
structed that  resin  content  in  the  veil  area  is  about 
85%  by  weight. 

2.  Gel  coats.  This  technique  consists  of  spray- 
coating  the  mold  surface  with  0.010-  to  0.020-in.  layer 
of  thixotropic  (nonsaggiug)  resin,  which  is  allowed  to 
set  prior  to  laying  up  the  glass  reinforcement. 
Resilient  resins  usually  are  used  so  as  to  provide  a 
compromise  between  scratch  resistance  and  impact 
strength.  Most  gel  coats  are  polyesters,  but  the 
method  also  can  be  used  with  epoxies. 

3.  Thermoplastic  dims.  T his  method  consists  of 
laminating  a film  or  sheet  of  weather-resist  ant  and/or 
decorative  plastic,  such  as  poly  vinyl  fluoride  or 
acrylic,  to  the  GRP  surface.  This  technique  should  be 
applicable  to  a vaiiety  of  GRP  processing  methods 
with  both  pokeslo  and  epoxy  rc.ins,  but  it  has  not 
been  used  widely  in  the  past  Recently,  however,  a 
process  involving  vacuum-forming  of  thermoplastic 
sheets  — which  then  are  reinforced  by  spraying  ihe 
back  side  with  chopped  glass  and  polyester  resin  — 
has  found  wide  acceptance,  especially  in  the  manu- 
facture of  large  parts  (up  to  300  IV). 

2*4.2  FABRIC  LAMINATES 

Industrial  laminates,  also  called  high-pressure 
laminates,  are  reinforced  plastics  that  are  manu- 
factured in  standard,  simple  shapes  such  as  sheds, 
rods,  and  tubes.  Fabrication  of  parts  bom  these 
materials  generally  is  accomplished  by  standard 
metalworking  operations,  sue'-’  as  cutting,  drilling, 
punching,  and  machining,  m contiasi  to  molding  u> 
the  desired  shape  as  discussed  in  par  2-4  I W here 
proouction  quantities  warrant  mold  costs,  purls  also 


may  be  custom-molded  by  procedures  similar  to 
those  described  in  par.  2-4.1  for  low  pressure,  closed- 
die  laminates. 

Industrial  laminates  are  used  for  components  of 
simple  geometry  requiring  intermediate  strength, 
lightweight,  and  nonmetallic  characteristics.  In  heli- 
copter construction,  they  frequently  arc  used  for  wear 
surfaces,  such  as  on  conduits  and  pulleys  for  control 
cable's  and  in  electrical  circuit  boards. 

Industrial  laminates  can  be  made  with  a number  of 
mechanical,  chemical,  thermal,  and  electrical  proper- 
ties by  varying  the  type  and  ratio  of  resins  and  rein- 
forcements. Those  combinations  that  presently  are 
available  commercially  arc  shown  in  Table  2-7.  In 
each  case,  the  laminates  are  manufactured  by  stack- 
ing up  sheets  of  the  impregnated  reinforcement  (or  by 
w rapping,  in  the  case  of  tubes  or  rods)  and  curing 
them  under  heat  and  pressure.  Very  high  pressure  — 
ranging  from  about  200  to  2500  psi  — are  used,  re- 
sulting in  high-quality,  void-free  parts. 

Front  the  basic  combinations  shown  in  Table  2-7 
more  than  70  standard  grades  of  laminates  are  de- 
rived Of  these,  32  grades  arc  classified  by  the 

w 1 i ii  . . _ ; l « , 

Liwvil  iCxti  OI  JiiuidiViircrs  nbdOCiiiliOn 
(N1  M\)  Descriptions  of  the  NEMA  grades  and 
then  applications  are  contained  in  Vo!  46,  Modern 
I'kiuii  . I ncwlopedui.  as  also  are  the  properties  of 
these  laminates.  I he  designer  should  consider  grades, 
application,  and  produeibiliiy  prior  to  final  cont- 
pon'  i’.;  design. 

Genera!  characteristics  'esalting  Irom  the  selec- 
tion ol  the  various  reinforcements  and  resins  are 
described  subsequently. 


TABLE  2-7 


COMBINATIONS  OF  THERMOS*  i S . VM«v A • Y. 
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2-4 .2.1  Reinforcement  Selection 

The  common  reinforcements  used  in  high-pressure 
laminates  art  paper,  cotton,  nylon,  glass,  and  as- 
bestos. Attributes  of  these  materials  are: 

I.  Paper.  The  least  expensive,  and  adequate  for 
many  purposes.  Kraft  paper  has  relatively  long  fibers 
and  is  the  strongest  type.  Alpha  cellulose  offers  im- 
proved electrical  properties,  muchinability.  and  uni- 
formity, while  rag  paper  laminates  have  the  lowest 
water  absorption  and  intermediate  strength. 

2 Cotton.  Better  impact  and  compressive 
•strengths  than  paper,  and  most  grades  are  only  slight- 
ly more  costly  than  paper.  Electrical  characteristics, 
however,  generally  are  not  as  good.  T he  heavier 
fabrics  have  the  best  mechanical  properties,  while  the 
fine  weaves  have  good  ntuchinability. 

3.  Nylon.  Low  moisture  absorption  and  excellent 
impact  strength  and  electrical  properties,  as  well  a:, 
good  resistance  to  chemicals  and  abrasion.  Howevei. 
nylon  laminates  have  relatively  poor  creep  resistance 
at  elevated  temperatures  and  are  comparatively  ex- 
pensive. 

4.  Glass.  Highest  mechanical  strengths  by  tar 
These  materials  also  have  supeiior  electrical  proper- 
ties and  heat  resistance.  Cost  is  relatively  high. 

5.  Asbestos.  Used  in  the  form  of  paper,  mat,  and 
fabric.  These  laminates  have  excellent  heat,  flame, 
chemical,  and  abrasion  resistance. 

Costs  range  from  low  fos  those  with  a paper  base 
to  high  for  a fabric  base.  The  designer  should  select 
the  type  of  material  best  suited  for  the  application, 
considering  interface  requirements  and  reliability . 
maintainability,  producibility,  and  survivability. 

2-4. 2.2  Rvsln  Selection 

The  resins  used  in  the  manufacture  of  industrial 
laminates  include  phenolic,  epoxy,  polyestei,  sili- 
cone, and  melamine.  The  characteristics  ol  each  are: 

1.  Phe.n  lie  The  most  widely  used  by  lar.  These 
resins  are  inexpensive  and  have  adequate  piopertics 
(mechanical,  electrical,  thermal,  and  chemical)  for 
many  design  applications. 

2.  Epoxy  Used  especially  where  high  resistance  to 
chemicals  and  moisture  is  required.  Mechanical 
properties  and  dimensional  stability  also  are 
superior. 

3.  Polyestei.  Less  common,  but  used  to:  mechani- 
cal and  electrical  applications,  especially  w(k  c flame 
resistance  is  a requirement. 

4 Silicone.  Used  primarily  with  glass  fabric  where 
beat  resistance  to  XKD  is  required.  Arc  i csi'-iaiue  is 
excellent  and  moisture  absorption  is  low.  The  scry 
low  dissipation  lueiot  ol  these  resins  at  high  tie- 
quencies  is  utilized  m rad.u  and  radio  insulators. 


Room  lempciature  mechanical  properties  are  com- 
paratively low  for  glass  laminates,  and  cost  is  high. 

S.  Melamine.  Excellent  arc  resistance  at  moderate 
cost.  Mechanical  properties,  and  heat,  flame,  and 
chemical  resistance  qualities,  also  arc  good. 

2-4.2.3  Spcctel  Types 

In  ddition  to  the  materials  listed  previously,  there 
arc  two  special  types  of  industrial  laminates  that  de- 
serve mention: 

1.  Postforming  grades.  Made  from  resins  that, 
although  thermoset,  will  soften  enough  at  elevated 
temperatures  to  allow  the  material  to  be  molded  into 
intricate  si. apes.  Special  paper  or  fabric  reinforce- 
ment also  is  used,  permitting  considerable  stretch- 
ing. 

2 ( lad  laminates.  Clad,  on  one  or  both  surfaces, 
w ith  a variety  of  materials,  including  aluminum,  cop- 
per. stainless  steel,  silver,  magnesium,  and  various 
rubbers.  The  copper-clad  laminates  (generally 
glass/ epoxy)  are  used  widely  as  printed  circuit 
boards. 

2-4.2.4  Specifications 

lit  addition  to  the  NEMA  Standards  (Pub.  No.  LI 

1 -  1 065).  the  following  Military  and  Federal  Specifi- 
cations arc  applicable  to  fabric  laminates: 

1 I.  P-509,  for  sheets,  rods,  and  tubes  of  various 
resins  and  reinforcements 

2.  MIL-P-7V,  i'or  rods  ano  tubes  of  paper/pheno- 
lic,  cotton/pher.olic,  and  glass/melamine 

3.  L-P-513.  fur  paper/phenolic  sheet 

4.  MIi.-P-l 5035,  for  cotton/phenolic  sheet 

5.  M11.-P-18324.  for  cotton/phenolic  sheet  for 
water  or  grease-lubricated  bearings 

tv  MIL- P-1 5039.  for  glass/mclamine  sheet 

7.  MSI -P-l 5047,  for  nylon/phenolic  sheet. 

2- 4.3  FILAMENT  COMPOSITION 

Thi.-.  paragraph  is  concerned  primarily  with  high- 
peiformance  composites,  consisting  of  plastics  re- 
mlorced  with  nonwoven  filaments  of  glass,  boron, 
and  bigh-nuidulus  graphite.  Because  the  fibers  ure 
nonwoven  and.  usually,  untwisted,  they  can  be 
packed  to  high  filter  loadings.  The  fibers  can  be 
oriented  along  the  axes  of  stress  m proportion  to  de- 
sign requirements,  allowing  efficient  utilization  of  the 
outstanding  properties  ol  ihis  type  of  reinforcement. 

W hen  ihc  specific  strength  (lensile  strength-to-den 
shy  ratio)  and  specific  modulus  (Young's  modulus- 
lo-deiisiiy  ratio)  ol  !he  metal  alloy  s (aluminum,  steel, 
titanium)  commonly  used  in  aircraft  construction  are 
compared,  it  is  shown  that  they  arc  nearly  equal  to  7 
to  9 X 105n.  and  100  to  1 10  X 10"  in.,  respectively. 
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Although  S-glass  offers  a substantial  improvement 
in  both  quantities,  more  important  is  the  compara- 
tively recent  introduction  of  the  exotic  fibers,  with 
boron  and  graphite  being  of  primary  commercial  in- 
terest. Unidirectional  composites  made  from  these 
fibers  have  specific  moduli  in  the  600  to  SOOx  10*  in. 
range.  The  specific  strength  of  boron  composites  is 
comparable  to  that  of  glass,  while  graphite  com- 
posites are  somewhat  lower  in  this  property. 

2-4.3. 1 Types  of  Rciaf or  cement 

A summary  of  the  properties  of  the  previously 
mentioned  filaments  that  arc  used  in  reinforced  com- 
posites is  contained  in  Table  2-8.  The  derivations  and 
characteristics  of  these  fibers  arc  discussed  sub- 
sequently. 

table  2-8 

TYPICAL  VALUES  OF  PHYSICAL  AND 
MECHANICAL  CHARACTERISTICS  OF 
REINFORCEMENT  FIBERS 


MATERIAL 

DENSITY. 

:b  inJ 

YENS'!  1 
STRENGTH. 
10'mi 

SPECifiC 

STkENOTH, 

10*Vi. 

T E Ntll  E 

modulus, 

10*'  i’Si 

SPECIFIC 
MODULUS. 
IS*’  in 

E -GLASS 

0.032 

500 

5.4 

10.5 

in 

S-CLASS 

0.030 

60S 

U 

12.5 

14.; 

970-S-CLASS 

0092 

850 

v 

153 

156 

SOliflN 

lON  TUNGSTEN! 

0.03] 

50! 

5.4 

60.0 

650 

Graphite 

(RAYON) 

0.06! 

300 

4.9 

50.0 

820 

graPHiTc 

iPaN.TYPE  1) 

cm 

300 

4 1 

55.0 

265 

GR^HiTE 

(PAN,  Type  id 

0.06} 

400 

0.3 

40.0 

635 

2-43.1.1  E-glass 

This  glass  was  developed  originally  for  its  superior 
electrical  properties. 

Glass  roving  is  manufactured  by  drawing  the  mol- 
ten glass  through  resistance-heated  platinum  bush- 
ings at  about  2400°F.  From  51  to  408  (usually  204) 
filaments  are  gathered  ,nto  a single  strand,  coated 
with  a binder,  and  wound  onto  a drum  at  approxi- 
mately 10,000  fpm.  The  coating  bonds  the  filaments 
into  a strand,  protects  them  from  abrading  each 
other,  and  also  serves  as  a coupling  agent  to  improve 
the  resin-glass  bond.  For  use  with  epoxy  resins,  an 
801  sizing  usually  is  specified.  Requirements  for  E- 
glass  roving  arc  contained  in  M IL-R-60346  under  the 
Type  I classification. 

Standard  continuous  roving  uses  ECG  135  strands 
— where  E designates  the  glass  composition.  C indi- 
cates continuous  filaments,  and  G designates  a fila- 
ment diameter  of  0.00037  in.  — resulting  in  13,500  yd 
of  strand  per  lb.  ECG  67.5  (408  G filaments  per 
stnmd)  and  ECK  37  (408  K filaments  of  0.00052  in. 


diameter  per  strand)  rovings  also  arc  available.  A 
roving  package  is  made  by  winding  a number  of 
strands  (or  ends)  under  each  tension  onto  a cylinder. 
The  number  of  ends  ranges  from  8 to  !20,  with  60 
being  the  most  common  quantity.  Standard  packages 
range  from  7 to  35  lb  nominal  weight. 

E-glass  rovings  are  available  widely,  both  dry  and 
preimpregnaled  with  a variety  of  resin  systems.  Pre- 
preg  tapes  of  unidirectional  filaments  up  to  48  in. 
wide,  having  a nominal  cured  thickness  of  -ither 
0.0075  in.  or  0.010  in.,  also  are  available.  These  can 
also  be  purchased  in  two-ply  bidirectional  (0  deg.  90 
deg)  or  three-ply  isotropic  (-60  deg,  0 deg,  + 60  deg) 
forms. 

2-43.1.2  S-glass 

This  composition,  sometimes  called  S(994),  was 
developed  under  Air  Force  contract  for  its  high- 
strength  properties.  S-glass  is  available  in  the  same 
forms  (roving,  tape,  and  prepeg)  as  is  E-glass.  The 
standard  roving  designation  in  this  case  is  SCG  150, 
indicating  that  there  ere  15.000  yd  of  strand  per  lb 
due  to  the  lower  specific  gravity  of  S-glass.  The  major 
deterrent  to  its  wid^i  use  has  been  its  cost,  which  is 
about  i 5 times  inai  of  E-giass.  A coinmciciai  giauc, 
S-2,  containing  most  of  the  S-glass  properties  at 
S'  ewhui  lower  cost,  has  been  introduced. 

Another  development  is  970  S-glass,  which  has 
20%  greater  modulus  and  ultimate  strength  than  S- 
glass. 

The  chemical  compositions  of  various  glass  rein- 
forcements arc  presented  in  Table  2-9.  HTS-901  and 
HTS-904  are  the  epoxy-compatible  sizings  for  S- 
glass,  while  470  sizing  is  used  with  S-?  rovings.  S- 
glass  roving  requirements  also  arc  contained  in  M IL- 
R-60346  under  the  Type  111  classification. 

2-4. 3. J. 3 Boron  Filaments 

These  products  currently  arc  made  by  vapor 
deposition  of  boron  on  very  fine  tungsten  wire.  Work 
is  under  way  to  develop  boron  filamen's  on  glass  or 
graphite  substrates  in  order  to  reduce  cost  and  total 
density  substantially.  In  order  to  make  handling 
practicable,  the  material  usually  is  supplied  in  colli- 
mated prepreg  tapes  that  are  one  filament  thick  and 
up  to  3 in.  wide.  A Military  Specification  on  boron 
filament  prepreg  is  MlL-B-83369. 

2-4.3.  i. 4 Graphite 

A wide  vaiiety  of  filamentary  carbon  products  is 
produced  by  pyrolysis  of  organic  fibers.  These 
products  may  be  divided  into  two  broad  categories: 
low-modulus  and  high-modulus  materials.  Low 
modulus  carbon  and  graphite  are  used  frequently  in 
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TAB1.F.  2-9 

NOMINAL  COMPOSITION  OK  CLASS 
RKINKORCKMKNTS 


TYPF. 

BY  WEIGHT 

Si02  Al203  MgO  BeO  CaO  B203 

E -GLASS 

54.3 

15.2 

4.7 

— 

17.3 

8.0 

S ANO  S-2-GLASS 

64.3 

24.8 

10.3 

— 

— 

-- 

970— S— GLASS 

62.0 

19.0 

9.6 

9.4 

— 

— 

woven  form,  which  is  produced  directly  from  rayon 
fabric  at  a fraction  of  the  cost  of  high-modulus 
graphite.  However,  these  products,  used  primarily  for 
high-temperature  insulation  and  ablation,  have  no 
known  applications  in  helicopter  construction. 

High-modulus  graphite  fibers  are  produced  in  a 
three-  or  four-step  heating  process.  During  tne  final 
step,  graphitization,  the  filters  are  held  in  tension, 
thereby  imparting  a high  degree  of  orientation  to  the 
graphite  crystals.  Material  developed  in  the  U S uses 
rayon  fibers  and  has  an  irregular  (popcorn  shape) 
cross  section.  Mateiiai  developed  in  England  is  pyru- 
lyzcd  from  a polyacrylonitrile  (PAN)  precursor 
having  a circular  cross  section.  In  either  case,  the 
average  filament  diameter  is  0.000  3 in. 

The  British  PAN  material  is  made  in  untwisted 
tows  of  10.000  filaments,  and  is  available  in  con- 
tinuous lengths.  The  rayon-derived,  high-modulus 
graphite  used  in  the  U S is  made  in  continuous 
lengths  from  2-ply  yarns  having  720  filaments  per  ply 
and  1 .3  or  4 twists  per  in.,  depending  upon  the  manu- 
facturer. The  greatest  development  activity  in  high- 
performance  fibers  is  focused  upon  graphite.  Due  to 
the  small  filaments,  it  can  be  formed  around  radii  as 
small  as  0.05  in.,  a major  advantage  over  boron  fiber. 
It  also  is  expected  that  the  greatest  potential  for  cost 
reduction  and  product  improvement  lies  with 
graphite.  Evidence  of  both  was  displayed  recently  in 
the  commercial  announcement  of  a 75  X 10*  psi 
modulus  fiber  at  $400  per  ib  and  a 30  X 10*  psi 
modulus  fiber  at  $(0  per  Ib.  Laboratory  quantities  of 
100  x 106  psi  modulus  fiber  have  been  produced. 
Because  new  products  and  new  manufacturers  fre- 
quently enter  the  field,  the  data  in  Table  2-8  include 
only  those  products  with  which  a significant  amount 
of  experience  exists. 

Graphite  fiber  can  be  produced  in  the  same  variety 
of  forms  as  can  glass  fiber.  Thus,  in  addition  to  yarn 
and  tow,  fabric,  mat,  and  chopped  fiber  can  be  sup- 
plied. As  with  boron,  however,  the  most  practicable 
form  for  most  applications  is  unidirectional  prepreg 


ta|»c.  A Military  Specification  on  high-modulus 
graphite  fiber  prepreg  is  MIL-G-83410. 

Among  the  most  serious  disadvantages  of  graphite 
composites  are  poor  abrasion  and  impact  resistance. 
1 Inis,  surface  protection  frequently  is  necessary.  Also 
impeding  the  exploitation  of  this  material  until  very 
recently  has  been  its  low  interlaminar  shear  strength 
due  to  poor  resin-fiber  bonding.  However,  surface 
treatments  have  been  developed  that  result  in  shear 
strengths  above  10.000  psi. 

2-4.3.I  Resins 

While  all  of  the  resins  discussed  in  par.  2-4.1  have 
been  used  in  filament  winding,  epoxies  are  used  al- 
most exclusively  for  aircraft  applications  at  normal 
operating  temperatures.  Where  nonwoven,  high-per- 
formance reinforcement  is  used,  the  best  available 
icsin  system  also  should  be  chosen  since  the  dif- 
ference in  resin  cost  represents  a very  small  percen- 
tage of  the  total  part  cost.  Phenolic  and  polyimide 
resins  are  used  only  where  very-high-temperature 
operation  is  specified. 

2-4, 3.3  Manufacturing  Processes 

Structures  of  nonwoven  reinforced  plastics  may  be 
formed  by  filament  winding,  tape  wrapping,  auto- 
matic tape  layup,  or  hand  layup.  Filament  winding 
can  be  performed  with  glass  rovings,  graphite  yarns, 
and  boron  single  filaments.  This  process  is  practi- 
cable for  cylinders  and  tanks  with  high  hoop  stresses; 
however,  it  is  limited  to  hollow  structures  with  con- 
vex surfaces.  Normally,  filament  winding  is  ac- 
complished by  rotating  the  part  on  its  axis  as  on  a 
lathe.  Parts  also  have  been  wound  by  revolving  the 
spool  of  reinforcement  around  the  fixed  pari. 
Generally,  prepreg  is  used,  but  wet  winding  also  is 
practiced.  In  the  latter  case,  the  reinforcement  travels 
through  a bath  of  high-viscosity  (at  ambient  tem- 
perature) resin  system  that  is  heated  in  order  to  lower 
the  viscosity  for  efficient  wetting  of  the  reinforce- 
ment. When  the  impregnated  reinforcement  is  cooler’ 
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to  ambient  temperature,  the  high  viscosity  is  icjt- 
tained.  Latent  curing  agents  must  be  used  in  order  to 
obtain  a reasonable  pot-life  for  the  heated  resin  sys- 
tem. 

Tape  winding  is  similar  to  filament  winding,  ex- 
cept that  prepreg  tapes  of  closely  collimated  re- 
inforcement (generally  1/8  in.  wide)  are  wound.  A re- 
cent advance  in  fabrication  technology  is  a numer- 
ically controlled  tape-laying  machine  capable  of 
applying  prepreg  tape  (heated,  if  desired)  at  a con- 
trolled rate  and  pressure,  and  shearing  it  at  the  de- 
sired length  and  angle.  Still  another  machine  applies 
reinforcement  in  three  dimensions  by  weaving  fibers 
perpendicular  to  the  normal  laminate.  This,  of 
course,  greatly  increases  interlaminar  properties, 
which  usually  are  limited  to  the  capabilities  of  the 
resin. 

Hand  layup  is  still  the  most  widely  used  method 
where  winding  is  not  practicable.  This  process  is  no 
different  from  conventional  layup  of  glass  mat  and 
fabric,  except  that  the  fibers  are  nonwoven  and 
oriented,  and  generally  are  preirnpregnaicd  with 
resin. 

Filament-wound  parts  usually  are  cured  under 
wrapping  tension  pressure  only,  although  they  may 
be  autoclaved  or  vacuum-bagged  Parts  that  arc  laid 
up  (rather  than  wound)  may  be  cured  by  an  ap- 
propriate method  as  described  in  par.  2-4.1,  such  as 
pressure  bag,  vacuum  bag,  autoclave,  or  matched  die 
molding. 

2-4.3.4  Applications 

Nonwoven,  oriented  filament  composites  are  in 
order  wherever  maximum  strength  and/or  stiffness- 
to-weight  ratios  in  specific  directions  are  desired. 
They  are  not  usually  practicable  where  isotropy  is  re- 
quired. Typical  properties  of  these  components  are 
shown  in  Table  2-10. ' t is  entirely  possible  to  mix  the 


various  reinforcements  in  such  proportions  and 
orientations  as  are  required  in  order  to  obtain  al- 
most any  intermediate  properties.  The  possible 
effects  of  different  ihermai  expansion  coefficients 
must  be  considered,  however 
Both  E-  and  S-glass  filaments  have  been  used  in 
construction  of  the  spar  envelope,  skins,  trailing 
edge,  etc  , of  rotor  blades.  Design  studies  have  sug- 
gested the  use  of  boron  and  high-modulus  graphite  in 
these  same  areas,  as  well  as  in  rotor  hubs,  swash- 
plates,  drive  scissors,  transmission  housings,  drive 
shafts,  airframe  stiffeners,  and  entire  fuselage  sec- 
tions. Boron  hardware  development  presently  is  more 
advanced  than  -hat  of  graphite  because  the  material 
was  introduced  earlier.  However,  graphite  com- 
posites are  expected  to  be  useful  in  many  of  the  same 
applications. 

Considerable  design  and  physical  property  infor- 
mation is  contained  in  MIL-HDBK-I7,  Part  I,  and  in 
Ref.  4. 


2-4.4  HONEYCOMB  AND  SANDWICH 
CONSTRUCTION 

Sandwich  construction,  as  shewn  in  Fig.  2-!  is  a 
composite  structure  comprising  a combination  of  al- 
ternating. dissimilar,  simple  or  composite  materials, 
assembled  and  fixed  in  relation  to  each  other  so  as  to 
obtain  a specific  structural  advantage.  They  arc  made 
of  three  or  more  laminations  of  widely  dissimilar 
materials  that  can  be  considered  homogeneous  when 
bonded  together.  The  layers  include  the  facings,  the 
bonding  agent,  and  the  core.  The  primary  functions 
of  the  core  arc  (I)  to  separate  the  outer  layers  sc  as  to 
obtain  a high  bending  stiffness,  (2)  to  support  these 
outer  layers  (the  facings)  in  order  to  prevent  elastic 
instability  when  they  arc  highly  stressed,  and  (3)  to 
carry  shear  loads. 


TABLE  2-10 

TYPICAL  UNIDIRECTIONAL  COMPOSITE  PROPERTIES  BASED  ON 
COMMERCIAL  PREPREGS* 
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Typical  applications  of  sandwich  construction  in 
the  airframe  industry  include  access  doors,  bulk- 
heads and  partitions,  jet  engine  shiouds,  control  sur- 
faces, spoilers,  and  helicopter  rotor  blades. 

Properly  designed  sandwich  construction  has  many 
advantages;  high  strength-to-weight  and  stiffness-to- 
weight  ratios  are  the  most  predominant.  Secondary 
advantages  include  fatigue  re»i -lance,  impact  resis- 
tance, and  aerodynamic  efficiency. 

A comparison  of  minimum-weight  design  for 
various  structural  systems  and  materials  on  an  axially 

\ 


loaded  cylinder  proves  the  superiority  of  sandwich 
construction  over  monocoque  and  warflc  con- 
struction. For  a practical  range  of  loading,  waffle 
construction  is  approximately  five  times  heavier  and 
monocoque  at  least  10  times  heavier  (Ref.  5). 

Honeycomb  sandwich  is  the  lightest  possible 
materia!  that  can  be  used  to  achieve  an  optimum 
stiffness-to-weight  ratio.  A comparison  of  various 
materials  (Fig.  2-2),  based  upon  an  equivalent  de- 
flection, suggests  a 30%  weight  advantage  when  com- 
pared with  a nested  I-beam  construction  and  an  80% 
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MATERIAL 

DEFLECTION,  in. 

WEIGHT,  ib 

HONEYCOMB  SANDWICH 

0.058 

7 79 

NESTED  "1  ■ BEAMS 

0.058 

10.86 

STEEL  ANGLES 

0.058 

25.90 

MAGNESIUM  PLATE 

0.058 

26.00 

ALUMINUM  PLATE 

0.058 

34.20 

STEEL  PLATE 

0.058 

68.60 

GLASS  REINFORCED 
PLASTIC  LAMINATE 

0.058 

83.40 

Figure  2-2.  Weight  Comparison  of  Materials  for 
Equal  Deflection 


advantage  when  compared  with  a flat  aluminum 
plate. 

Optimum  fatigue  resistance  is  a byproduct  of  sand- 
wich application.  The  increase  in  flexural  and  shear 
rigidities  of  the  construction,  at  no  increase  in  mass, 
provides  for  an  increase  in  the  fundamental  modes  of 
excitation  to  higher  octaves.  In  addition,  the  attach- 
ment of  the  core  at  the  facing  provides  visco-elastic 
damping  that  prevents  amplification  of  resonance.  It 
is  quite  possible  to  design  a sandwich  structure  for  an 
infinite  life  under  cycling  loads,  provided  that  the 
maximum  loading  is  no  more  than  35%  of  the  ulti- 
mate capability  of  the  construction.  A comparison  of 
conventional  sandwich  structures  (Fig.  2-3)  in  a sonic 
environment  indicates  that  the  sandwich  can  operate 
in  excess  of  500  hr  at  approximately  160  dB,  (decibel) 
while  skin-stiffened  structure  of  the  same  weight  will 
fail  at  less  than  200  hr  under  130  dB. 

Aerodynamic  efficiency  of  a sandwich  structure  is 
a consequence  of  the  continuous,  uniform  support  of 
the  core  materials.  This  characteristic  is  accepted 
widely  in  both  aerospace  and  aircraft  applications. 
Vertical  support  of  the  material  in  the  sandwich  con- 
struction is  limited  in  span  to  the  cell  size,  which  is.  in 
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most  cases,  no  more  than  3/16  in. 

Among  the  materials  available  for  sandwich  ap- 
plication are  conventional  honeycomb,  foams,  and 
balsa  wood.  Advantages  of  balsa  wood  and  foams  are 
limited,  and  their  use  usuailv  is  due  essentially  to  a 
limited  physical  characteristic  requirement  rather 
than  to  an  overall  property  consideration.  Balsa 
wood  is  used  predominantly  in  flooring  applications, 
where  the  need  for  continuous  support  is  provided  by 
the  fibers.  Employment  of  foam  cores  in  a sandwich 
construction  is.  essentially,  a cost  consideration.  Both 
balsa  wood  and  foam  may  produce  adverse  effects, 
and  also  may  limit  the  environmental  capabilities  of 
the  construction. 

Honeycomb  core  constiuction  represents  by  far  the 
most  efficient  utilization  of  parent  material.  Con- 
ventional honeycomb  cores,  as  illustrated  in  l-'ig.  2-4. 
are  essentially  hexagonal  in  shape  and  are  manu- 
factured from  almost  any  material  that  can  be  made 
into  a foil  thickness.  Properties  of  honeycomb  cores 
can  he  predicted  accurately,  based  upon  the  con- 
figuration and  the  parent  material  properties.  The 
merits  of  one  type  over  another  are  related  to  the 
properties  of  the  foil  material;  the  relative  increase  in 
efficiency  is  related  directly  to  the  increase  in  the 
property  of  the  core. 

Honeycomb  core  material  can  be  made  from 
metals  — such  as  aluminum,  stainless  steel,  and  ti- 
tanium — or  from  Fiberglas  impregnated  with  resins 
such  as  nylon-phenolic  and  polyimide.  Other  types  of 
core  material  include  those  made  from  Kraft  paper 
and  Dupont's  Nomex*  nylon-fiber-treated  materials. 

Fiberglas  core  material  provides  radar  trans- 
parency and  acts  as  a dielectric.  It  has  low  dielectric 
constants  and  a low  loss  tangent.  Kraft  paper  core 
material  is  available  in  many  varieties,  and  is  used 
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Figure  2-3.  Comparative  Sonic  Fatigue  Resistance  of 
Conventional  and  Sandwich  Structures 
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wlu;n  cost  is  u factor  and/or  thermal  conductivity  is 
of  concern.  Dupont  Nome*  nylon-fiber-ircated  core 
material,  though  recently  developed,  has  thermal  re- 
sistance and  the  properties  required  lor  aircraft 
flooring  applications. 

Employment  of  a honeycomb  core  material  in  a 
construction  is  an  exact  technique  Physical  charac- 
teristics of  the  construction  must  be  investigated 
thoroughly,  and  related  to  available  core  properties, 
piior  to  the  firming  o / the  design.  In  addition  to  the 
structural  requirements,  the  environmental  opera- 
ting conditions  must  be  explored. 

Common  honeycomb  types  (Fig.  2-4)  include  the 
conventional  hexagonal  shape,  a rectangular  flexible 
core,  and  the  reinforced  and  square  cell  shapes.  The 
rectangular  core  is,  essentially,  an  over-expanded 
hexagonal  core.  The  flexible  core  is  a configuration 
departure  in  that  it  includes  a free  sine  wave  that  al- 
lows the  core  material  to  assume  compound  curva- 
ture at  no  sacrifice  in  the  mechanical  properties  of  the 
foil  material.  Flexible  core,  unlike  anticlastic  hexa- 
gonal core,  does  exhibit  characteristics  of  a syn- 
clastic  material.  Reinforced  hexagonal  core  employs 


an  additional  flat  sheet  in  the  center  of  the  hexagonal 
cell  so  as  to  favor  a mechanical  advantage  in  a speci- 
fic orthotropic  direction.  The  square  cell  core  is  a 
consequence  of  manufacturing  ease,  and  is  employed 
primarily  where  resistance  welding  techniques  arc  re- 
quired in  order  to  develop  the  core  material. 

Although  a predominant  use  of  honeycomb  core 
material  is  for  constant  thicknesses  (flat,  single  and 
compound  curvature  applications),  it  also  is  used  for 
such  components  as  airfoil  sections. 

The  mechanical  properties  of  the  core  material  in  a 
sandwich  construction  also  must  be  considered.  The 
core,  whether  isotropic  or  orthotropic,  may  be  con- 
sidered as  a continuum  spacer  for  the  membranes 
(the  facings).  Typical  properties  of  balsa  wood  cores 
are  presented  in  Figs.  2-5  and  2-6.  Figs.  2-7,  2-8,  and 
2-9  illustrate  typical  properties  of  hexagonal 
aluminum  core  material.  Several  different  alloys  arc 
presented.  Table  2-1 1 is  a presentation  of  the  proper- 
ties of  typical  rigid  foums. 

The  term  sandwich  construction  describes  the  close 
attachment  between  face  and  core  material  in  this 
type  of  structure.  Should  this  attachment  be  weak,  or 
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REINFORCED  HEXAGON  SQUARE 

Ugar*  2-4.  Common  Honeycomb  Configurations 
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absent,  the  construction  is  no  longer  a sandwich.  At- 
tachment of  the  core  to  the  facings  is  necessary,  and 
must  be  of  sufficient  strength  to  develop  the  full 
mechanical  properties  of  the  sandwich  construction. 
For  example,  if  the  construction  is  loaded  to  its  limit, 
then  failure  is  expected  to  appear  either  in  the  facings. 


o 


DENSITY,  lb  ft3 

Figure  2-5.  Properties  of  Balsa  Wood  — Compressive 
Strength  vs  Density 
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DENSITY,  lb  ft3 


Figure  2-b.  Properties  of  Balsa  Wood  — "I."  Shear 
Strength  vs  Density 


HONEYCOMB  DENSITY,  lb  ft3 


Figure  2-7.  Typical  Stabilized  t'  omprevvive  Strength 


or  in  the  core,  or  simultaneously  ir.  both.  However,  it 
cannot  appear  in  the  attachment  between  core  and 
facings.  It  is  most  important  for  the  designer  to  in- 
vestigate the  properties  of  the  bonding  agent  so  as  to 
assure  compliance  with  these  requirements. 

Adhesives  of  various  types  and  propeities  cur- 
rently arc  available  to  satisfy  every  sandwich  re- 
quirement. Table  2-12  contains  a partial  listing  of 
common  adhesives  currently  in  use.  Laboratory  shear 
bond  strengths  at  room  temperature  of  aluminum-to- 
aluminum  bonds  with  various  types  of  adhesives  are 
presented  in  Table  2-13.  Useful  temperature  range 
and  strength  properties  of  structural  adhesives  after 
exposure  are  listed  in  Tabic  2-14. 

The  process  of  applying  adhesive  to  facing  or  core 
material  must  not  be  ignored.  For  the  adhesive  to  be 
efficient,  it  must  be  applied  to  joining  surfaces  that 
are  free  from  oxides  and  contaminants,  and  its  appli- 
cation must  take  place  under  controlled  cn- 
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Figure  2-8.  Typical  “L"  Shear  Strength 


Figure  2-9.  Typical  "I  ” Shear  Modulus 
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TABLE  2-11,  PROPERTIES  OF  RIGID  FOAMS 
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vironmcnlal  conditions.  The  elapsed  lime  between 
preparatory  cleaning  for  bonding  and  the  appli- 
cation of  adhesive  must  be  held  to  a minimum. 
Procos;  control  during  application  and  throughout 
the  bonding  of  the  construction  is  vital  for  the  de- 
velopment of  the  specified  properiy  for  the  sand- 
wich Adhesive  manufacturer  recommendations  must 
be  adhered  to  methodically. 

Design  considerations  for  sandwich  structural 
components  are  somewhat  similar  to  those  for  homo- 
geneous material.  The  main  difference  is  the  in- 
clusion of  the  effects  of  the  core  material.  The  basic 
design  concept  requires  the  spacing  of  strong,  thin 
facings  far  apart  in  order  to  achieve  a high  stiffness- 
to-weight  ratio.  The  lightweight  core  material  having 
this  property  also  will  provide  the  required  re- 
sistance to  shear  and  the  strength  to  stabilize  the 
facings  to  their  required  configuration.  Sandwich  is 
analogous  to  an  I-beam;  the  flanges  carry  direct  com- 
pression and  tension  loads  in  a similar  manner  as  do 
the  facings  of  the  sandwich,  and  the  web  carries  the 
shear  loads  as  does  the  core  material.  The  depatture 
fiom  typical  procedures  for  sandwich  structural  ele- 
ments is  the  inclusion  of  effects  for  shear  properlie: 
on  deflection,  buckling,  and  stress.  Because  the 


facings  arc  used  to  carry  loads  in  a sandwich,  pre- 
vention of  local  failure  under  edgewise,  direct,  or  flat- 
wise bending  loads  is  as  nccessaiy  as  is  prevention  of 
local  crippling  of  stringers  in  the  design  of  sheet- 
stringer  construction 

Sirujiurui  instability  of  a sandwich  construction 
can  manifest  itself  in  a number  of  different  modes. 
Various  possibiliti  .lustrated  in  Fig.  2-10. 

Interccllulai  buckling  (face  dimpling)  is  a local- 
ized mode  of  instability  that  occurs  when  the  facings 
arc  very  thin  and  the  cell  size  is  relatively  large.  This 
effect  can  cause  failure  by  propagating  across  ad- 
jacent cells,  thus  inducing  face  wrinkling.  Face 
wrinkling  is  a localized  mode  of  instability  that  ex- 
hibits itself  in  the  form  of  short  wave  length  in  the 
facing;  it  is  not  confined  to  individual  cells  of  cellular 
type  cores,  and  is  associated  with  a transverse  strain- 
ing of  the  core  material.  A final  failure  from  wrink- 
ling usually  will  result  either  from  crushing  of  the 
core,  tensile  rupture  of  the  core,  or  tensile  rupture  of 
the  core-to-facing  bond.  If  proper  cure  is  exercised  in 
selection  of  the  adhesive  system,  the  tensile  bond 
strength  will  exceed  boib  t!  e tensile  and  compressive 
strengths  of  the  core  failure. 

Shear  crimping  often  is  referred  to  as  a local  mode 
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TABLE  2*12. 
COMMON  ADHESIVES  IN 


ADHLSIVE  TYPt 


TYPICAL 
TRAOE  DESIGNATION 


CURRENT  USE 

SYSTEMS 

I MANUFACTURER 


! 

NITRILL  PHENOLIC 

AP  30 

MtTLBQNO  402 

3M  COMPANY 
NARMCO 

PM  47 

AMERICAN  CYANAMID 

vinyl  phenolic 

AP  31 

3M  COMPANY 

..... 

METLBONO  105 

NARMCO 

AEROBOND  422 

A0HCSIVE  ENGINEERING 

EPOXY  phenolic 

HT  424 

AMERICAN  CYANAMID 

HYLOC  422 

HYJOL 

HP  304 

HEXCEL 

UNMUO'f  IED  F. POXY 

HYLOC  901  B-3 

HYSOL 

METLBONO  547 

| NARMCO 

AF126 

3M  COMPANY 

PM  123 

AMERICAN  CYANAMID 

MOD  IP  IE0  EPOXY 

1 HYSOL  9601 

HYSOL 

250  CURE 

1 PLASTILOCK  717 

3P  GOODRICH 

| RELIABON0  711  & 393  1 

RELIABLE  MrC. 

1 HP  103 

HEXCEL 

MODIf  .CD  CPOXY 
350  CURL 


I HtTLBONU  328 
I AP  120.  API  . L 

I r«»  mnn  r »»  ^ i 
i • i«  ii*uv,i  •*■  v> 

I RELIABONn  398-420 
I HP  104 


: EC  2216 

EPOXY  POLyamiCL  : HP  316 


I HYLOC  901  8-1 


POLYAMIDE 


MODIFIED  URETHANES  HP3,D-310-3?? 

URALITE  412 


CORE  SPl'ClNC, 
APHFSIVFS 


FM  37 
AP  3206 

RPUARONO  3/OB 
HP  901 


NARMCO 
3M  COMPANY 

4tirBi£ASt  ryA»iAuin 

j RELIABLE  MFC 
HEXCEL 

3M  COMPANY 
HEXCEL 

HYSOL 

AMERICAN  CYANAMID 
HEXCEL 

j HEXCEL 
i RESOUN 

"1 

I AMERICAN  CYANAMID 
' 3M  COMPANY 
RELIABLE  MFC 
HEXCEL 


TABLE  2-13. 

SHEAR  BOND  STRENGTH  OF  ADHESIVES 

Tbond  shear] 
ADHESIVE  TYPE  Strpkctm  I 


STRENGTH. 


P5I* 

NITRILE  PHENOLIC 

3500 

VINYL  PHENOLIC 

4200 

EPOXY  PHENOLIC 

3400 

UNMODIFIED  EPOXY 

3100 

MODIFIED  EPOXY-250  CURE 

4500 

MODIFIED  EPOXY  -350  CURE 

3300 

EPOXY  POLYAMIDE 

5500 

PQLYlMIDt 

3300 

■AVERAGE  VALUES  AT  ROOM  TEMPERATURE. 

TEST  SPECIMENS  ALUMINUM  TO  ALUMINUM,  LAP 
JOINTS. 


TABLE  2*14. 

USEFUL  TEMPERATURE  RANGE  AND 
STRENGTH  PROPERTIES  OF 
STRUCTURAL  ADHESIVES* 


USEFUL 

TYPICAL 

adhesive  type 

TEMP 

values 

PtEL STRENGTH 

range  ,*f 

lap  SHEAR  JISI 

NITRILE 

3500-4500 

GOOO  TO  EXCELLENT 

phenolic 

350 

3300-1700 

VINYL 

PHENOLIC 

-67 

225 

2000-3000 

100-1100 

FAIR  TO  GOOD 

EPOXY 

70 

1300-5000 

POOR  TO  MEDIUM 

Phenolic 

400 

200-1900 

UNMOOIFIEO 

-67 

1300-3000 

poor  to  medium 

phenolic 

500 

100-3000 

MODIFIED  EPOXY 

250 

1500-2500 

good 

250  CURE 

180 

1000-1900 

MODIFIED  EPOXY 

-6? 

1000-3500 

GOOO 

350  CURE 

306 

1590-2500 

EPOXY  POLYAMIDE 

-67 

4000-5000 

GOOO 

11,/ 

2*0-33 .1 

POLNIDE 

UP  TO  600 

i 

3300 

POOR 

■192  HOUR  tXPOSURL 

cf  failure,  but  it  actually  is  a special  form  of  genera! 
instability  for  which  the  buckle  wive  length  is  very 
short  due  to  a low  transverse  shear  modulus  of  the 
core.  The  phenomenon  of  shear  crimping  occurs 
quite  suddenly,  and  usually  causes  the  core  to  fail  in 
shear.  Genera!  instability  for  configurations  having 
no  supplementary  stiffening  except  at  the  boundaries 
involves  overall  bending  of  the  composite  wall 
coupled  with  transverse  shear  deformations.  Whereas 
intercellular  buckling  and  wrinkling  are  localized 
phenomena,  general  instability  is  of  a widespread 
nature.  Premature  general  buckling  normally  is 

Cuuscu  oy  insuinwcm  sandwich  thickness  of  by  in- 
sufficient core  shear  rigidity. 

The  basic  design  principles  of  sandwich  construc- 
tion can  be  summarised  as  follows: 

1.  Sandwich  facings  shall  be  at  leait  thick  enough 
to  withstand  design  stress  under  design  loads. 

2.  The  core  shall  be  thick  enough  and  have  suffi- 
cient shear  rigidity  and  strength  so  that  overall  sand- 
wich buckling,  excessive  deflection,  and  shear  failure 
will  not  occur  under  design  loads. 

3.  The  core  shall  have  a high  enough  modulus  of 
elasticity,  and  the  sandwich  great  enough  flatwise 
tensile  and  compressive  strengths,  so  that  wrinkling 
of  either  facing  will  not  occur  under  design  loads. 

4.  For  cellular  honeycomb  cores,  where  dimpling 
of  the  facings  is  not  permissible,  the  cell  sire  spacing 
shall  be  small  enough  so  that  dimpling  of  either  wall 
into  the  core  spaces  will  not  occur  under  design  loads. 

In  addition,  selection  of  materials,  methods  of 
sandwich  assembly,  and  material  property  used  for 
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design  shall  be  compatible  with  the  expected  en- 
vironment where  the  sandwich  is  to  be  used.  For 
example,  facing-to-corc  attachment  shall  have  suf- 
ficient flatwise  tensile  and  shear  strength  to  develop 
the  required  sandwich  strength  in  the  expected  en- 
vironment. Included  as  environment  are  effects  of 
temperature,  water  and  moisture,  corrosive  at- 
mosphere and  fluids,  fatigue,  creep,  and  any  con- 
dition that  may  affect  material  properties.  Additional 
characteristics  — such  as  theimal  conductivity,  di- 
mensional stability,  ano  electrical  continuity  of  sand- 
wich material  — should  be  considered  in  arriving  at 
an  effective  design  for  the  intended  task. 


2-4.5  ARMOR  MATERIALS 

1 here  are  available  a variety  of  armor  materials 
and  material  combinations  that  can  be  used  lor  pas- 
sive protection  of  helicopters.  Armor  types,  with  ap- 
propriate Military  Specification  references  and  a rela- 
tive comparison  of  cost,  availability,  machinubilily, 
weldability,  formability,  and  multiple-hit  capability, 
are  summarized  in  Table  2-15.  Table  2-15  also  lists 
the  areal  densities,  and  provides  a comparison  of 
strength,  hardness,  shock  and  vibration,  and  re- 
sistance to  corrosion  for  the  various  types  of  armor 


uu 


uu 


Figure  2-10.  Modes  of  Failure  of  Sandwich  Composite  Under  Edgewise  Loads 
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TABLE  2-«S. 

ARMOR  MATERIAL  DESIGN  DATA  AND  PHYSICAL  CHARACTERISTICS 
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TABLE  2-16. 

FABRICATION  DATA  FOR  LIGHTWEIGHT  ARMOR  MATERIALS 


HIGH -HARDNESS 

STEEL 


OUAL -HARDNESS 
HEAT-TREAtEO 
STEEl 


nuAL -HARDNESS 
a USE  ORMf  P STEEL 


2bX%ni..  UP  TO 
2000  it, 


APPROX  ?X  THiCKNCSS  8 TO  9:n.  VI  PEND- 

in  th*  annealed  ing on  thickness 

CONi-lT  ION 


aluminum  OxiDE 

PLASTIC 

COMPOSITE 


MONOtiTlIiC  TILE 
28m.  DiAG  5X|?II 
MAX  PANEL 


BOSON  CARD.DE 
PLASTIC 

coMPosm 


K-T  SILICON  CARBIDE 
PLASTIC  COWPCS'TE 


«ONOL«ThiC  TILE  MONOLITHIC  TILE 

IS  ’ll  Sill..  4Xt>.t  PANELS  €X6ii'..  T X 1 0 *n . 
HAVE  BEEN  MADE  PANELS  UP  TO  2m. 

THICK 


/m.  DEEP  DISHES 
hAVL  BEEN  EXP- 
PLOSIVE  LY  formed 


AUSTENITIC  STAIN- 
LESS STEEL  line 
OR  SUBMERGED 
ARCiOR  i.O* 
HYDROGEN  EERRMlC 

electrodes 


VERY  SMALL  RADIUS 

inbothoirections 

in  ANNEALED  CONO 

NO  EXPERIENCE 

slight  improve- 

DRILLING  POSSIBLE 


*ECOMMLNDATIyN 

FOR  ATTACHMENT 
TO  STRUCTURE 


BOLT  INC 
C0WHRlT5i0N 

conck.-ekatigns 


PANE  . JOINING 
METhODS 


IPEQU'REi  CARBIDE  | 
TIPS.  SPOT  HEATING  I 
• ITh  TORCH  BEFORE 
TRILLING  MAY  LESSEN) 
I L’lfMLULiitb  i 


A NNE ALE 0 CONDITION 
HARDE  X Hf  AT  TREAT- 
ABLE ELECTRCU 
GIVES  BALLISTIC 
JCINT  heat  -treated 

CCNClTlON  STAINLESS 
STEEL  ELECTRODE 
ttlTH  7C0  PREHEAT 


CITh  SPECIAL  CAR- 
BIDE TOOL  iF  HEAT  - 

treated 


USING  MASONARY 

type  bits 


THREADED  INSERTS 
IN  FIBERGLAS  OR 
I FI  ANGE  TYPE  PER- 
IPHERAL support 


i NOT  IMPJRTAM  ■ 


•elding  op 

• MECHANICAL 
JOINTS 


* and  threaded 

INSERTS  IN  B^iUNQ 

CFRAMlC  MUST  BE 
RELIEVED  Or  COM 

i PRESSlCN  UNDER  flfUT  - ■■■■>■ 
HEAD  IITh  THROUGH 
BOATING 


I BA^L«T 
I BETAEE 


LSTiC  JO  NTS 
iEEN  PANELS 


CAN”  0(  A.rtiE  vU? 
EJY  Bf  lDiNo  UMES3 
Wit*'*..  Tn»C«Tit  jj 
IS  INCREASE  O'N  th£ 
HE AT -Af  F{  CTED 
ZONE 


I 

P<  BElDlN'.  *UH  LAVTBt  ACHlt  VlFT 
HARCENUECTROCE  IN  ®iT*eipiNG  UNLESS 
AivScAlEC  CGnuiTlGn  - - T E r.  iA  L T ■ - ! 

NtSS  IS  INCREASED 
IN  THE  HE  A i 
AiFErTE  OZONE 


TILES  JOIMDON 
CONTINUOUS  pl A$- 
TjC  BAKING.  PANELS 
pMAY  BE  APPLIED  TO  ■ 
A FRAME  USING 

metal  doubler 

STRIPS  AT  JOINT 


CERAMIC  IS  MOUNTED 
TO  BACKING  MATERIAL 
OF  REQUIRED  SIZE  AND 
SHAPE 


BiTH  VARYING  DEGREES 
Inc  c r r ir i(  ptT y katfb  - 

1IM.  THICKNESS  MUSTBE 
:NCR[»51B  ST  JOINT 


mater**,ls.  Tubk  2-16  summarizes  fabrication  daU  for 
t-mc  of  the  evaik’ote  lightweight  armor  malcris.lt 
that  can  be  cojiaidcred  for  installation  on  heli- 
copters. 

24.5.1  ArmStltk-  Material* 

Material  that  can  bs-  considered  for  sue  in  armor 
design,  and  their  properties,  include1 

1.  Aluminum  alloy.  Produces  lest  splash  from 
bullet  impacts  than  other  armor  materials  in  com- 
mon use,  is  exceptionally  effective  against  yewed  end 
high -obliquity  impacts,  and  is  nonmagnetic. 

2.  Titanium.  Nonmagnetic  and  resistant  to  sea 
water  corrosion. 

3.  Homogeneous  steel.  Rolled  from  a steel  alloy 
with  the  toughness  and  percent  of  elongation 
necessary  to  achieve  a good  resistance  to  both  punc- 


ture and  spalling.  It  is  designated  magnetic. 

4.  Nonmagnetic  steel  armor.  Certain  fully  an- 
nealed austenitic  sleds  are  not  magnetic.  If  these 
steds  are  cold-worked,  however,  they  become  mag- 
netic. 

5.  Hard-faced  itec5  armor  pkte.  Composed  of  t 
hard  surface  overlaying  a softer  backing  material  of 
tougher  steel.  It  is  somewhat  more  effective,  on  a 
weight  basis,  against  solid  shot  than  is  face-hardened 
armor  plate,  and  can  be  fabricated,  by  special 
techniques,  to  a curve.  It  is  magnetic. 

6.  Ballistic  nylon.  Provides  excellent  protection 
from  fragments  and  tumbled  projectiles.  Ballistic 
nylon  pads  or  quilts  on  be  considered  for  replace- 
ment of  insulation  and  sound-alien ua tug  blankets. 
The  ballistic  level  of  nylon  doth  and/or  Lett  con- 
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figured  wiilj  fastener  and/or  attachments  should  be 
established  and/or  verified  by  gunfire  tests  lor  each 
configuration. 

7.  Ceramic.  Built  up  of  various  materials,  each  in- 
tended to  perform  a particular  function  in  defeating 
the  projectile;  for  example,  a glass- fiber- rein  forced 
plastic  to  absorb  the  energy  of  impact,  faced  with  a 
layer  of  ceramic  tile  (aluminum  oxide,  A 1,0,;  silicon 
carbide.  SiC;  boron  carbide,  B4C;  titanium  dibonde, 
TiB,,  etc.)  to  shatter  the  projectile.  On  a weight  basis, 
some  of  these  composite.*  compare  favorably  with 
standard  steel  armor  plate  for  stopping  solid  shot. 
However,  they  have  poor  capabilities  for  stopping 
multiple  hits,  and  produce  many  secondary  frag- 
ments when  struck.  Ceramic  is  the  bulkiest  of  the  ma- 
terials listed  here,  and  usually  is  the  most  expensive. 

8.  Ceramic-faced.  The  ceramic  facing  may  be 
applied  before  or  alter  the  armor  metal  has  been 
shaped  or  formed. 

9.  Transparent.  Composed  of  glass  or  clear  or- 
ganic poly  mers,  cither  alone  or  in  combination  (MIL- 
G-5485.  MIL-A-7168,  MIL-A-46108). 

In  general,  ceramic  armor  exhibits  the  lowest 
weight  per  unit  area  for  protection  against  arntor- 
piercing  ammunition  (cal  .30  and  .50).  Metallic  ar- 
mor exhibits  substantially  better  multihit  capability, 
although  the  probability  of  a small  panel  of  aircraft 
armoi  taking  a multiple  bullet  hit  from  a high-firing- 
rale  gun  is  remote.  Metallic  armor  for  aircrew  scats 
may  become  competitive  on  a weight  basis  when  the 
armor  is  used  simultaneously  as  support  or  struc- 
ture. 

2-4.5.Z  Design 

I or  design  strength  and  rigidity  requirements,  refer 
to  MIL-A-8860  and  AMCP  706-170. 

2-5  ADHESIVES  AND  SEALANTS 

2-5.1  BONDING  AGENTS 

There  arc  literally  hundieds  of  proprietary  ad- 
hesive formulations  suitable  for  various  aircraft  bon- 
ding applications.  Some  of  these  may  be  used  in  bon- 
ding a wide  variety  of  materials,  while  others  arc 
usable  only  for  highly  specialized  purposes.  Ad- 
hesives generally  arc  categorized  under  the  two  broad 
classifications  of  structural  and  nonstructural  types. 

2-5.1. 1 Structural  AM«ts 

Thi « category  of  matciials  is  used  lor  bonding  pri- 
mary structures  that  arc  subject  to  large  loads.  Typi- 
cal ultimate  bond  shear  strengths  arc  several  thou- 
sand psi  Structural  adhesives  usually  are  formulated 
from  thermosetting  resins  that,  when  mixed  with  a 
suitable  curing  agent,  react  to  form  an  infusible  and 

2-30 


insoluble  solid.  Depending  upon  the  type  of  curing 
agent,  the  conversion  may  occur  within  a lew  minutes 
at  room  temperature,  or.  at  the  other  extreme,  it  may 
require  heating  up  to  about  350°F  to  effect  a cure 
w ithin  a reasonable  time.  The  latter  type  of  material, 
due  to  its  low  reactivity  at  low  temperatures,  can  be 
premixed  and  stored  (often,  under  refrigeration)  as  a 
one-component  system  until  used. 

Nearly  ail  applications  of  structural  adhesives  re- 
quire fixturing  in  order  to  hold  the  components  being 
bonded  in  contact  during  cure;  this  is  because  at  some 
point  during  the  cure  cycle  the  adhesive  goes  through 
a fluid  flow  stage. 

Most  structural  bonds  are  made  with  tape  or  film 
adhesives.  These  are  usually  from  0.005  to  0.015  in. 
thick,  and  may  be  unsupported  or  supported  on  thin, 
open-weave  fabrics  (carriers)  of  glass.  nylon.  or  other 
fibers. 

Film  adhesives  have  two  important  advantages: 

1.  Uniformity.  Vaiiations  >n  thickness  and  com- 
position are  minimal.  Because  both  shear  and  peel 
strengths  are  sensitive  to  bondline  thickness,  control 
of  this  variable  is  desirable.  Although  bondline  thick- 
ness also  is  affected  by  curing  pressure  variations, 
film  adhesives  — particularly  those  having  flow  re- 
stricted by  carriers  and/or  high-melt  viscosities  — 
can  reduce  thickness  variations  appreciably.  In  ad- 
dition, film  adhesives  eliminate  the  weighing  errors 
and  inadequate  mixing  that  arc  possible  with  two- 
part  liquid  adhesives.  Quality  control  checks  can  be 
made  on  each  toll  of  film  before  production  parts  are 
bonded;  this  is  not  practicable  to  perform  on  each 
batch  of  most  liquid  adhesives  due  to  limited  pot- 
lives. 

2.  Ease  of  assembly.  Film  adhesives  are  available 
in  a wide  range  of  tacks,  varying  from  dry  to  very 
sticky.  Complicated  parts  can  be  assembled  simply  by 
cutting  the  film  to  the  shape  of  the  desired  bondline 
and  laying  it  on  the  first  surface.  The  second  surface 
then  is  placed  in  position,  and  is  held  by  the  adhesive 
tack  until  bonding  pressure  can  be  applied.  Films 
that  are  not  tacky  at  room  temperature  are  tacked 
readily  by  momentary  contact  with  a hot  iron  at  stra- 
tegic locations.  Parts  of  many  layers  may  br.  laid  up  in 
this  manner  and  bonded  at  one  time.  Adhesive  waste 
also  is  minimized  when  films  are  used  because  there  is 
no  excess  material  left  to  set  up  in  the  mixing  con- 
tainer. 

Most  film  adhesives  require  curing  temperature^.  of 
250°-350"F,  and.  therefore,  have  long  shelf  lives. 
Cold  storage  usually  is  advised,  however,  although 
some  types  arc  stable  for  many  weeks  at  room 
tempetalure.  A few  types  are  available  that  cure  at 
lower  tcmpcratuics.  including  room  temperature; 
these  must  be  stored  at  temperatures  well  below  0*F. 
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The  olher  common  physical  form  for  structural  ad- 
hesives is  the  two-part  liquid  mixture.  These 
materials  consist  of  two  components  that  icact.  when 
mixed,  to  form  a theimosetling  solid.  Usually,  they 
arc  100%  nonvolatile.  Many  cure  at  room  tempera- 
ture in  a few  hoars  or  days;  others  require  heat  to 
cure  f requently,  they  are  in  the  form  of  high-vix- 
cosily  pastes  containing  inert  fillers  and/os  thixo- 
tropic. agents.  In  contrast  to  most  film  adhesives, 
however,  hesc  uncurcd  pastes  usually  become  fluid 
whei.  healed.  Pot-lives,  like  cure  times,  depend  upon 
the  rate  of  chemical  reactivity,  which  is  influenced 
greatly  by  temperature.  Thus,  adhesives  that  cure 
rapidly  at  room  temperature  may  have  only  a few 
minutes  ol  pot-life,  while  those  requiring  high- 
temperature  cures  have  pot-lives  varying  from  hours 
to  months 

Less  common  structural  adhesive  forms  include 
one-component  pastes  and  powders,  and  all  lequire 
elevated-temperature  cures. 

Essentially  all  structural  adhesives  of  interest  for 
helicopter  applications  are  based  upon  either  epoxy 
or  phenolic  thermosetting  resins.  Because  these 
materials  are  brittle  inherently,  they  usually  arc  made 
flexible  with  elastomers  or  thermoplastic  resins  in 
order  to  improve  peel  strengths.  Polyurethane  ad- 
hesives also  show  promise,  as  they  can  be  formulated 
with  both  strength  and  flexibility.  To  date,  however, 
they  have  not  been  used  widely  in  structural  aircraft 
applications. 

Epoxies  arc  the  most  versatile  and  widely  used 
structural  adhesives.  They  have  excellent  adhesion, 
low  creep,  low  shrinkage  during  cure,  and  100%  non- 
volatility.  The  liquid  or  paste  types  have  either  low 
peel  properties  or  '.cmpcnMurr  resistance,  and 

arc  less  auapia- . ■ u>  modification  (for  improvement 
of  there  particular  characteristics)  than  are  the  film 
types.  The  latter  can  be  modified  with  lough  thermo- 
plastics such  as  rvlo'i  or  polyvinyl  acetal  resins. 
Primers  (low-viscosity  solutions  of  adhesive  dis- 
solved in  solvents)  arc  available  for  use  in  con- 
junction with  modified  cpoxy-flltii  adhesives.  Their 
primary  function  is  to  protect  prepared  metal  iur 
faces  from  contamination  and  oxidation  since  epoxy 
films  have  adequate  wetting  and  adhesive  charac- 
teristics without  primers. 

Phenolic  adhesive  used  in  the  aircraft  industry 
always  are  modified  «•.:» i an  elastomer  or  another 
resin  Although  they  can  be  produced  in  liquid  form, 
they  now  are  used  predominantly  as  films  Vinyl  (po- 
lyvinyl formal  or  butyral)  phenolic  adhesives  were  the 
first  materials  used  ;o  aircraft  metal  bonding. 
Rubber-phenolic  ?d -waives  include  those  modified 
with  neoprene  or  nitrile  rubber,  the  latter  presently 


being  the  most  widely  used  type  of  ela.  lomer- 
pbcnolic  structural  adhesive.  Lpoxy-phcnolics  are 
used  primarily  because  of  their  outstanding  tempera- 
ture resistance.  Being  very  i igid.  they  have  good  shear 
strength  and  creep  resistance  but  poor  peel  and  im- 
pact properties.  Because  of  the  poor  wetting  arid  flow 
character isl'cs  of  the  elastomer-phenolic  films,  a 
coating  of  liquid  primer  on  the  substrates  usually  is 
advised.  As  with  all  phenolic  condensation  re- 
actions. gases  arc  evolved  during  cure,  necessitating 
relatively  high  bonding  pressures  The  actual  pressure 
required  to  contain  these  volatiles  is  a function  of  the 
temperature  rise  rate;  100  psi  is  a typical  recommen- 
dation when  the  bondiine  is  heated  rapidly. 

All  of  the  adhesive  types  discussed  previously  may 
be  used  for  mclal-to-melal  bonding.  The  selection 
will  depend  upon  the  relative  importance  of  such  fac- 
tors as  shear  strength,  peel  strength,  temperature 
resistance,  chemical  resistance,  fatigue  and  creep 
properties,  fabrication  method,  and  cost.  Generally, 
a modified  epoxy  or  nitrile-phenolic  film  adhesive  is 
chosen  for  primary  structural  applications,  while  a 
paste-type  epoxy  and  simple  contact  tooling  may  suf- 
fice for  secondary  structures  with  ler  .-critical  require- 
ments. The  requirements  fui  several  classes  of  struc- 
tural adhesives  are  covered  completely  in  1MM-A- 
132  and  MMM-A  1 34.  Although  there  is  some  over- 
lapping. MMM-A- 1 32  is  concerned  mainly  with  film 
adhesives  while  MMM-A- 1 34 generally  has  less  strin- 
gent i equipments  which  arc  met  by  the  liquid-  and 
pasle-tvpe  epoxies. 

Cured,  reinforced-plastic  composites  car.  be  bond- 
ed to  themselves  or  to  metals  with  the  same  ad- 
hesives and  techniques  used  for  bonding  metals.  In 
addition,  adhesive  prepregs  can  be  used  either  for  an 
cr.iire  jp  or  n sir.g!c-p!y  bonding  !s£y?r  b?!\vw 
a conventional  riinforced-plaslic  layup  and  the  sub- 
strate. These  m aterials  consist  of  a structural  grade  of 
reinforcement  impregnated  at  a high  resin  content 
with  a resin  formulation  having  good  adhesion  quali- 
ties. Reinforced  plastics  can  be  bonded  to  metals  and 
other  substrates  by  employing  between  the  substrate 
and  layup  a layer  of  conventional  film  adhesive  that 
is  cured  simultaneously  with  the  laminate.  This  pro- 
cedure is  advantageous  in  that  it  precludes  any  mis 
match  of  m -;ling  surfaces,  a problem  that  always 
exists  to  some  extent  with  preformed  parts.  While  this 
technique  has  been  found  effective  with  a number  of 
adhesive  and  laminating  resin  combinations,  such 
materials  must  be  selected  carefully  for  compatibility 
with  both  chemical  reactions  and  curing  tempera- 
tures and  pressures. 

Most  of  the  epoxy  adhesives  also  are  suitable  for 
bonding  facings  to  honeycomb  core  in  applications 
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where  good  flow  and  wetting  ability,  and  low  curing 
pressure  aie  required.  Some  of  the  phcnolic-bascd 
adhesives  also  may  be  uied  for  sandwich  con- 
struction, although  moat  are  not  recommended  for 
this  purpose  due  to  poor  filleting  action  and  the  evo- 
lution of  volatiles  during  cure.  When  phenolic  ad- 
hesives are  used  in  sandwich  bonding , the  core  either 
is  perforated  or  pressure  is  released  just  prior  to 
reaching  the  final  cure  temperature.  M1L-A-25463 
contains  requirements  for  adhesives  for  bonding 
sandwich.  It  defines  two  dames:  Clast  I,  for  fadng- 
to-core  bonding  only;  and  Clan  2,  for  bonding  facing 
to  core  and  inserts,  edge  attachments,  etc.  Because 
most  adhesives  suitable  for  sandwich  construction 
also  can  be  used  for  metal- to- mcul  bonding,  nearly 
all  sandwich  adhesives  are  qualified  to  both  MIL-A- 
25463,  Clan  2,  and  to  MMM-A-132.  The  adhesive 
prepress  described  previously  also  can  be  used  in 
fabricating  sandwich  panels  with  reinforced-phi'dic 
facings.  One  disadvantage  of  this  procedure,  how- 
ever, is  that  a relatively  porous  laminate  is  obtai*4d 
due  to  the  lack  of  laminating  pressure  between  cell 

-r  

w«ll«  Ml  KfU  WCV. 

Typical  bone  strengths  obtainable  from  several  of 
the  common  types  of  adhesives  are  given  in  Table  2- 
17. 

2-5.1  Jt  N—lrecSnrnl  Aiaikii 

These  adhesives  art  used  primarily  to  bond  in- 
terior accessories  made  cf  a variety  of  materials,  in- 
cluding plastics,  rubbers,  metals,  and  fabric*,  Because 
a joint  failure  would  not  be  catastrophic  in  these  ap- 
plications, consideration  of  the  higher  possible  ad- 
hesive strengths  is  not  paramount;  and  other  factors, 
such  as  con  and  convenience,  can  be  given  equal  at- 
tention. 

The  adhesive,  preferred  in  these  applications 
generally  are  based  upon  solutions  of  dispersions  of 
various  elastomers  and  thcrmopi^stict.  They  set  up 


through  solvent  evaporation  rather  than  by  chemical 
cure,  and  therefore  do  not  require  temperature  or 
pressure  for  curing.  Became  initial  tacA  often  is  ade- 
quate to  hold  in  position  the  parts  being  bonded, 
even  clamping  fixtures  frequently  are  unnecetary.  On 
the  other  hand,  because  these  adhesives  remain  ther- 
moplastic, they  lack  the  temperature  and  chemical 
resiatanoe  of  the  thermosetting  structural  adhesives. 

Where  ao-newhat  stronger  or  more  temperature- 
and  chemical-resistant  bonds  are  required,  semi- 
structural  adhesives,  such  as  the  two-part  epoxies  and 
urethanes,  may  be  used  with  room-temperature 
curing. 

Cements  based  upon  a solution  of  the  polymer 
being  bonded  are  u sd  frequently  for  bonding  non- 
crystalline  thermoplastics  such  as  acrylics,  cellu- 
loses, polycarbonates,  polystyrenes  (including  ABS), 
and  vinyls  to  themselves.  The  dissolved  polymer  gives 
body  to  the  cement,  while  the  solvent  softens  the  ad- 
hcrends.  effecting  a weld  or  bond  when  the  solvent 
evaporates  and  tire  plastic  rehardens. 

Transparent  acrylic  plastics  also  may  be  bonded 
with  twe-psrt  adhesives,  mmi  no  nf  methyl- 
methacrylate monomer  ana  a catalyst,  which  have  ex- 
cellent strength  and  transparency.  MIL-A-857C  de- 
fines, three  types  of  two-part  ncrylk  adhesives.  Type  I 
contains  solvent  and  is  covered  in  MIL-P  S425. 
Types  II  and  III  are  without  solvent  and  may  be  u A 
for  bonding  plastics  as  covered  in  both  MIL- P-542 5 
and  MIL-P-8184. 

For  bonding  of  dissimilar  materials,  flexible  films 
or  fabrics,  rubbers,  or  other  such  materials, 
elastomer-based  adhesives  are  preferred;  they  offer 
good  adhesion  to  many  materials  and  better  peel 
strength*,  are!  vSi,  --iesgsts  so  as  to  Kcsaasd*!* 
different  thermal  cq  naion  coeiTiotoU.  Elastomeric 
adhesives  may  be  dn-otved  in  a suitable  organic  sol- 
vent or  dispersed  in  water;  tackifying  resins,  antioxi- 
dants, ptastibaers,  and  naefordng  fillers  are  uautl 


TABLE  2-17. 

TYPICAL  PROPERTIES  OF  COMMONLY  USED  STRUCTURAL  ADHESIVES 
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T-PE£L° 

SANDWICH  PFePI 

CHEMICAL 

PHYSICAL 

CURE 

SHEAR  STRENGTH,  ps> 

STRENGTH,  lb  m. 

in. -lb  :m. WIDTH 

TYPE 

FORM 

TEMP"F 

-W” 

75 

nr 

250" 

-67" 

75" 

180" 

- 67" 

75° 

180” 

MODIFIED  EPOXY 

FILM 

250 

5100 

5200 

2900 

1000 

20 

30 

25 

55 

60 

35 

tm  OX-EPOXY 

film 

350 

6700 

6500 

3400 

2200 

60 

100 

90 

9. 

170 

45 

EPOXY-FHENOLIC 

SUPPORTEO  FILM 

350 

3200 

3500 

330  0 

2900 

35 

33 

31 

nitrile-phenouc 

film 

350 

*100 

4200 

2400 

1800 

10 

40 

20 

NA 

NA 

NA 

NEOPRENE-PHENOLIC 

SUPPORTED  film 

3500 

’.900 

1100 

15 

17 

36 

12 

EPOXY  >GEN  PURPOSE i 

2-PART  paste 

35-200 

1500 

3000 

800 

2 

3 

4 

NA 

NA 

NA 

EPOXY  (HIGH  TEMPUOOp 

1 -PART  PASTE 

250 

2000 

2000 

2500 

3000 

2 

2 

2 

NA 

NA 

NA 

EPOXY  (HIGH  PEEL  MODi 



2-PART  PASTE 

75-200 

2000 

2500 

400 

7 

25 

2 

NA 

NA 



NA 

® ALUMINUM  AOHERENOS  TESTED  PEN  MMM-A-132  AT  THE  INDICATED  T EMPERATURES  . 
®ALU«ISUM  CORE  AND  FACINGS  TESTED  PER  MIL -A -25163  AT  THE  INDICATED  TEMPERATURES. 
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components  of  the  formulation. 

MMM-A-1617  covers  requirements  for  adhesives 
based  upon  natural  rubber,,  neoprene,  and  nitrile 
rubber.  Adhesives  based  upon  natural  or  reclaimed 
rubber  are  suitable  for  bonding  such  items  as  rubber 
and  fabrics  to  metals  in  applications  where  oil  and 
fuel  resistance  is  not  a problem.  Neoprene*  and 
nitrile-based  adhesives  generally  have  greater  peel 
strengths  in  the  same  applications,  as  well  as  good 
resistance  to  oils  and  fuels.  The  neoprene  type  usually 
is  best  for  bonding  neoprene  and  most  other  rubbers 
and  rigid  plastics,  and  has  the  best  heat  resistance. 
Nitrile  rubber  adhesives  are  preferred  for  bonding  ni- 
trile rubber,  vinyls,  and  other  flexible  plastics. 

Silicone  rubbers  should  be  bonded  to  themselves  or 
to  other  substrates  with  silicone  adhesives,  such  as 
those  described  in  MIL-A-46106  or  MIL-A-2S4S7. 
No  heat  or  pressure  is  required. 

Contact  adhesives  are  a special  type  of  elastomer- 
based  adhesive  having  high  immediate  strength  upon 
contact  of  the  two  coated  adherends.  but  they  do  not 
permit  any  repositioning.  They  are  covered  by 
MMM-A-130. 

Other  speciai-purpose  adhesive  specifications  in- 
) elude  MMM-A-I2I.  MMM-A-122,  MMM-A-189. 
M I L- A-24 1 79.  and  M I L-A-2 1 366. 

2-5.1J  Processing  Operations 

Process  and  inspection  requirements  for  structural 
adhesive  bonding  are  contained  in  MIL-A-9067.  Fac- 
tors to  be  considered  include  type  of  surface  prepa- 
ration. control  limits  and  methods  of  surface  treat- 
ment, solutions,  clean-room  layup  area  require- 
ments, prefitting  of  parts,  adhesive  storage  controls, 
handling  of  cleaned  parts,  application  of  primer  and 
adhesive,  tooling  concepts,  temperature  and  pres- 
j sure  controls,  secondary  bonding  of  subassemblies. 

‘ rework,  and  destructive  and  nondestructive  verifi- 

| cation  testing. 

j Equal  in  importance  to  the  selection  of  an  op- 

I timum  adhesive  system  is  the  selection  of  the  best  sur- 
face preparation  for  the  adhesives  and  adherends 
| being  used.  Some  suggestions  are  given  in  MIL-A- 
9067.  Other  recommended  sources  are  A STM  No.  D 
| 2561  for  metals.  ASTM  No.  D 2093  for  plastic  sur- 

faces, and  Ref.  6.  With  some  metals,  such  as  alumi- 
num, the  surface  treatment  is  practically  universal: 
while  with  other  metals,  such  as  stainless  steel,  it  is 
advisable  to  evaluate  different  treatments  with  each 
combination  of  alloy,  condition,  and  adhesive. 
Significant  batch-to-batch  variations  in  a given  type 
of  alloy  may  be  noted.  For  most  reinforced  plastics,  a 
wet-sanding  treatment  is  recommended  to  obtain  a 
water-break-free  surface.  When  nonslructural  ad- 


hesives are  used  in  bonding,  3 careful  solvent  wiping 
and/or  sanding  treatment  wii!  suffice  for  many 
materials. 

2-S.1.4  Design  of  Bonded  Structures 

Adhesive  joints  should  be  designed  so  that  they  are 
stressed  in  the  direction  of  maximum  strength.  Thus, 
the  adhesive  should  be  placed  in  shear  while  mini- 
mizing peel  and  cleavage  stresses.  Maximum  bond 
area  and  uniform  thickness  should  be  provided  for, 
and  stress  concentrations  should  be  avoided  where 
possible.  Scarfing  and  bevelling  are  two  methods  that 
sometimes  can  be  used  to  reduce  the  cleavage-stress 
concentrations  at  the  edges  of  lap  joints. 

Test  methods  for  sandwich  constructions  are  des- 
cribed in  MIL-STD-401,  while  numerous  other  test 
methods  for  adhesives  are  contained  in  FTMS  No. 
175. 

2-5 2 SEALING  COMPOUNDS 

There  is  a degree  ^overlapping  between  sealants 
and  adhesives;  most, sealants  must  adhere  in  order  to 
be  effective,  while.' an  adhesive  generally  seals  the 
joint  that  it  bonds.  In  addition,  many  sealants  are  for- 
mulated from  the  same  basic  polymers  that  are  used 
in  adhesive  compositions.  Sealants  are  related  par- 
ticularly to  the  elastomeric  adhesives,  and  many  of 
the  qualitative  comparisons  made  in  the  previous 
paragraph  apply  to  sealants  as  well  as  adhesives.  In 
order  to  form  trowelable  pastes,  sealants  are  formu- 
lated with  higher  viscosity  and  lower  tack  than  are 
the  elastomeric  adhesives.  Lower-viscosity  sealants 
also  are  available  and  are  suitable  for  dipping,  brush- 
ing, and  even  spraying.  These  materials,  .wwever,  are 
classified  more  properly  as  coatings. 

Commercial  sealants  are  manufactured  from  a 
variety  of  polymers,  including  polysulfide.  urethane, 
silicone,  neoprene,  acrylic,  butyl  rubber,  chlorosul- 
fonated  polyethylene,  and  polymercaptan.  In  addi- 
tion to  the  base  elastomer,  a typical  sealant  formu- 
lation may  include  curing  agents,  accelerators,  plasti- 
cizers. antioxidant',  solvent  thinners.  and  inorganic 
fillers  or  reinforcing  agents. 

Sealants  may  be  one-  or  two-ccmponent  types.  All 
of  the  Ir.lter  cure  into  tough,  thermoset  elastomers. 
The  one-component  sealants  are  subdivided  into 
three  categories:  nonhardening  putties  that  remain 
permanently  soft;  solvent-release  types  that  become 
semihard  through  evaporation  of  a volatile  in- 
gredient. and  types  that  cure  by  reaction  with  at- 
mospheric moisture.  Properties  of  the  latter,  after 
curing,  are  similar  to  those  of  the  cured  two-part  seal- 
ants. (One  further  form  of  "sealant"  is  the  cured 
elastomeric  tape  or  extrusion.  Because  these  must  be 
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held  in  place  mechanically,  they  more  properly  might 
be  called  gaskets.) 

All  effective  sealants  must  have  a high  ultimate 
elongation  and  a low  modulus  in  order  to  ac- 
commodate expansion  and  contraction  of  the  joint 
being  sealed.  Most  commercial  sealants  have  these 
qualities.  They  vary  widely,  however,  in  their  degree 
of  recovery,  ranging  from  near  0%  recovery  (or  100% 
plastic  flow)  for  a permanently  soft  putty  to  nearly 
100%  recovery  for  a cross-linked  (cured)  elastomer. 
This  property  is  important  because  a low-recovery 
sealant,  once  compressed,  must  accommodate  subse- 
quent joint  expansion  entirely  by  its  elongation,  or  it 
will  fail.  A compressed,  high-recovery  sealant  will  re- 
turn, as  the  joint  expands,  to  its  original  dimension 
before  it  begins  to  elongate  in  tension. 

Of  the  various  chemical  types  of  sealants,  only 
polysulfides,  urethanes,  and  silicones  are  currently  of 
importance  in  the  aircraft  industry.  These  arc  all 
high-recovery  elastomers  when  cured. 

Polysulfidcs  arc  most  commonly  used  in  heli- 
copters. where  they  act  as  both  sealants  and  aero- 
dynamic fairing  compounds.  They  have  excellent  ad- 
hesion characteristics  and  resistance  to  solvents  and 
fuels,  weathering  and  aging,  and  temperatures  up  to 
250-F.  MIL-S-7124  and  MIL-S-8802  describe  the 
two-part  elastomeric  sealing  compounds  with  in- 
creasingly severe  requirements  for  adhesion  and 
resistance  to  temperature  and  fuels.  MIL-S-8784 
compounds  are  formulated  purposely  with  very  low 
adhesion  for  such  uses  as  fuel  tanks  access  doors.  A 
grade  for  scaling  electrical  components  is  deset  ihed  in 
MIL  S-8510.  One-part,  noncuring,  polysulfide  put- 
ties also  are  available.  A material  of  this  type  is  de- 
fined by  MIL  S ! 1030;  it  is  intended  for  sealing  opti- 
cal instruments,  but  is  useful  for  various  purposes. 

Silicone  sealants  have  outstanding  environmental 
resistance  because  they  arc  unaffected,  relatively,  by 
temperatures  ranging  from  cryogenic  to  more  than 
500°F,  and  by  moisture,  ozone,  and  ultraviolet  radia- 
tion. However,  because  they  arc  the  most  expensive 
sealants,  they  arc  used  only  where  these  excellent 
properties  are  required.  Some  types  also  have  very 
go*>d  electrical  characteristics,  and  arc  used  to  seal 
electrical  systems.  MIL-S-23586  covers  silicone 
sealants  for  electrical  applications,  and  MIL-A-46106 
describes  a general-purpose,  rootn-temperatuie- 
curing  adltesive-seaktnt  for  both  mechanical  and  elec- 
trical requirements.  As  ordinary  silicones  have  rela- 
tively poor  fuel  and  oil  resistance,  fluoro-silicone 
sealants  should  be  used  where  these  properties  arc  re- 
quired. Both  one-  and  two-component  materials  ate 
in  common  use.  The  former  cure  by  absorption  of  at- 
mospheric humidity,  and,  therefore,  cure  very  slowly 


in  confined  arcus  or  in  thick  sections.  Primers  usually 
arc  recommended  to  permit  maximum  adhesion  to 
mctais. 

Although  of  totally  different  chemicul  composi- 
tion. polyurethane  sealants  have  many  similarities  to 
the  silicones.  Both  two-component  and  onc- 
componcnt  moisture-curing  types  are  common 
Primers  (often  silicone- based)  are  recommended,  but. 
in  this  case,  primarily  for  retention  of  adhesion  in 
humid  or  water-immersion  situations.  These  sealants 
exhibit  complete  recovery  after  extended  outdoor  ex- 
posure. They  also  arc  useful  in  cryogenic  appli- 
cations where  they  are  surpassed  only  by  the  sili- 
cones. and  in  electrical  applications.  Polyurethanes 
also  have  excellent  oil  resistance,  and  greater  abra- 
sion resistance  than  any  other  sealants.  One  problem 
is  loss  of  adhesion  upon  exposure  to  ultraviolet  light. 

An  area  where  scaling  compounds  frequently  are 
used  is  in  edge-sealing  of  honeycomb  sandwich  pan- 
els. because  joint  expansion  and  contraction  are  not 
major  considerations  in  this  instance,  relatively  rigid 
sealants  usually  are  employed.  These  are  essentially 
the  same  materials  as  the  epoxy  (and  occasionally 
urethane)  paste  adhesives  discussed  previously,  ex- 
cept that  microballoon  (hollow  microsphcrcs  of  glass 
or  plastic)  fillers  frequently  are  used  to  produce  a 
lightweight,  closed-cell  structure.  Sandwich  panels 
also  may  be  sealed  with  an  edge  wrapping  of  Fibcr- 
glas  pi  tpreg 

Viscous  sealants  may  be  applied  with  a variety  of 
equipment,  ranging  from  a putty  knife  to  a com- 
pletely automatic  mixer-dispenser  system.  Fluid  seal- 
ants (coatings)  may  be  brushed  or  sprayed.  One- 
component  sealants  supplied  in  cartridges  can  be 
gnplitc!  from  manual-  or  air-operated  guns,  or  these 
sealants  can  be  dispensed  directly  from  pails  or 
drums  by  air-powered  or  hydraulic  pumping  equip- 
ment. Two-part  sealants  can  be  weighed  and  mixed 
by  hand  or  by  metering-mixing  equipment  that  dis- 
penses the  components  according  to  preset  ratios. 
Frozen  cartridges  of  premised  sealant  also  arc 
available  commercially;  these  must  be  stored  at 
-40*F  unlit  just  prior  to  use. 

2-4  PAINTS  AND  FINISHES 

2-4!  PAINTS  AND  COATINCS  (ORGANIC) 

MIL-F-7179  prescribes  in  detail  the  manner  in 
which  the  external  and  internal  surfaces  of  a heli- 
copter are  to  be  finished.  Other  helpful  documents 
are  TB  746-93-2.  M1L-STD-I7I  (MR),  and  AMCP 
706-100. 

Helicopters  require  a Type  i protection,  i.c.,  pro- 
tection against  severe  deteriorative  conditions.  For 
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most  surfaces,  this  involves  one  coat  of  wash  primer 
(MIL-C-8514).  one  coat  of  primer  (MIL -P-2.1377), 
and  tv  3 top  coats  of  a topcoat  foi  example,  TT-E- 
316  or  MIL-C-81773.  Preparation  of  the  surface  for 
painting  will  differ  with  the  type  of  metal  and  with 
the  surface  (externa!  or  internal). 

For  this  handbook,  exterior  surfaces  arc  defined  as 
all  visible  surfaces  of  an  end-item  that  is  housed 
within  the  helicopter  and  all  visible  surfaces  of  the 
helicopter,  including  all  portions  of  the  system  that 
arc  exposed  to  the  airstream.  Interior  surfaces  arc  the 
nonvisible  surfaces  of  an  end-item  that  is  housed 
within  the  fuselage  of  the  craft. 

Prior  to  painting,  aluminum  surfaces  usually  arc 
finished  with  Anodize  MIL-A-8625  or  Alodine  1200 
(MIL-C-5541).  and  magnesium  with  Dow  17  or  HAE 
(MIL-M-45202). 

Nonstainless  steels  are  phosphate-treated  (MIL-P- 
16232),  stainless  steels  arc  passivated  (QQ-P-3S),  and 
Fibc.glas  surfaces  are  sanded  and  cleaned  with  naph- 
tha (TT-N-95). 

The  first  coat  of  paint  applied  is  the  wash  primer. 
The  term  designates  a specific  material  that  cor.i- 
hin«  the  properties  of  an  inhibltive  assh  ecu  ?r 

J metal  conditioner,  wrih  those  of  the  convention J 
anticorrosive  primer.  The  essential  components  o,' 
wash  primers  are  phosphoric  acid,  chromate  pig- 
ment. and  polyvinyl  bulyral  resin.  Wash  primers  can 
be  formulated  that  arc  effective  equally  over  iron, 
steel,  aluminum,  treated  magnesium,  copper,  zinc, 
and  a wide  variety  of  other  metals.  The  advantages  of 
wash  primers  include  ease  of  application  and  rapid 
drying,  useful  tangc  of  temperature  and  humidity, 

! application  to  a variety  of  metals,  effectiveness  in  pre- 
| venting  undcrfilm  corrosion,  and  good  adhesion  as  a 
mk  fvi  SiivwijiKtii  iwiinji.  The  iiiim  frequently 
used  wiuh  primer  is  that  defined  in  MIL-C-8514.  a 
smooth-finish,  spray-type,  prctrealinent  coating  fur- 
nished in  two  part resin  component  and  acid  com- 
rvjvent.  The  materials  must  be  mixed  prior  to  use. 

'Fine  primer,  which  must  conform  to  MIL-P-23377, 
k used  over  the  wash  pfuoct.  It  is  compatible  with  the 
usual  acrylk-nitrocdSulose  lacquer  top  coat,  is  well 
as  with  the  aikyd  top  cords  (TT-E-516)  and  urethane 
(MIL-C-hl',73).  The  two-somposent,  epoxy-polya- 
mide system  has  high  cheat  teal  and  solvent  resis- 
tance and  unusual  wcatherabiiity.  It  ia  spray-applied. 
This  specification  also  provides  for  an  additional 
dam  of  materials  suitable  for  use  under  air-poilution 
regulations.  The  availability  of  classes  of  coalings 
\ meeting  air-peiiutkxi  ragulstiom  is  becoming  in- 
„ ' creasing ly  important,  and  this  factor  should  be  kept 
in  mind  by  the  designer. 

The  top  coats  moot  often  specified  for  Army  air- 


craft arc  the  nitrocellulose  and  acrylic-nitrocellulose 
lacquers,  which  contain  a wide  range  of  pigmenta- 
tion. They  are  preferred  because  of  the  ease  in  ic- 
inoving  them  with  solvents  when  it  is  necessary  to 
change  camouflage  or  color  schemes  or  when  re- 
painting is  required-  They  also  are  applied  with  a 
spray  in  volatile  solvents  (MIL-L-19537).  TT-L-516 
describes  another  suitable  top  coal,  and  one  that  also 
meets  air-pollution  regulations.  This  coating  is  u 
styrenated  phthalic  aikyd  resin  combined  with  the 
necessary  amounts  of  driers  and  volatile  solvents. 
The  mixture  contains  50%  resin  solids,  including 
small  percentages  of  antioxidants,  wetting  agents, 
and  stabilizers.  A wide  range  of  coloring  pigments  is 
available,  and  these  arc  present  in  amounts  of  24-43% 
of  the  total  solid  content. 

There  arc  special  paint  formulations  for  camou- 
flage. battery  compartments,  high-temperature  areas, 
walkways,  and  antiglare  applications.  Rain-errosion- 
resistant  coatings  (MIL-C-7439)  are  used  on  the 
leading  edges  of  the  rotor  and  on  radomes.  There  arc 
special  formulations  for  high  visibility,  and  paints  for 
lettering  and  marking.  Rubber,  both  natural  and  syn- 
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plastic  windows,  arc  not  painted. 

Particular  attention  must  be  directed  to  assemblies 
in  which  dissimilar  metals  arc  joined.  It  generally  is 
required  that  each  of  the  mating  surfaces  shall  be 
finished  with  the  minimum  number  of  coats  required 
for  interior  surfaces.  Where  magnesium  is  one  of  the 
metals  to  be  joined  to  a dissimilar  metal,  the  metals 
shall  be  separated  by  MIL-T-23142  tape  or  MIL-S- 
8802  sealant.  The  tape  shall  extend  not  less  than  0.25 
in.  beyond  the  joint  edge  in  order  to  prevent  mois- 
ture from  bridging  between  the  dissimilar  metals.  All 
holes  and  countersinks  that  attaching  pans  pass 
through  should  be  primed,  and  all  joining  bolts, 
screws,  and  inserts  should  be  wet-primed  when  in- 
serted. Preferably,  all  steel  nuU,  bolts,  screws, 
washers,  and  pins  should  be  cadmium-plated. 

2-4.2  SPECIAL  FINISHES 

In  addition  to  the  finishing  of  surfaces  with  organic 
coatings  as  described  in  the  previous  paragraph,  there 
are  a number  of  special  finishes  for  metal  which  serve 
to  provide  the  desired  protection  without  further  ap- 
plication of  organic  coatings,  or  that  are  used  to  pro- 
vide a suitable  base  for  the  application  of  organic 
finishes.  Many  of  these  processes  involve  the  de- 
velopment of  a durable,  corrosion-resistant,  oxide 
layer  on  the  surface  of  the  metal.  Although  the  de- 
velopment of  this  surface  oxide  Him  may  or  may  not 
involve  the  use  of  an  electrical  curient,  the  chemical 
effect  it  similar  and  the  process  is  called  anodizing. 
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For  aluminum,  there  are  many  different  finishes, 
mm  of  which  are  used  to  provide  a base  for  paint 
and  some  of  which  provide  protection  without 
further  painting.  The  processes  all  involve  chromates 
» an  oxidising  ingredient,  and  & II  have  proprietary 
comporitiom.  The  performance  o'  these  methods  of 
treatment  is  governed  by  MIL-C-554S.  The  reagents 
may  he  applied  by  spraying,  dipping,  or  swabbing; 
general!?,  the  metal  is  dipped  in  a sequence  of  baths 
and  rinses  that  create  dean,  fine-grained  oxide  — 
uniformly  distributed  over  the  surface  — with  no 
coarse  grains  and  no  untreated  areas.  Class  I A treat- 
msnts  must  withstand  exposure  to  salt  spray  for  16S 
hr  and  an  uapainted  or  followed  by  wash  prime  and 
pin*  treatments.  Class  3 coatings  are  similar  to 
Class  iA  costings,  except  that  the  electrical  re- 
sistance is  low. 

For  magnesium,  there  arc  two  primary  anodizing 
treatments.  One  of  these  is  the  Dow  7 treatment 
(MIL-M-43202)  and  the  other  method  is  the  HAE 
treatment  (MIL-Ni -43202),  both  of  which  involve 
electrolytic  an'  doing  of  the  meul  surface  in  order  to 
build  up  a fairly  thick  layer  of  a complex  aluminum- 
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outdoor  exposure  without  further  coatings.  The  pre- 
ferred method  involves  pretreating,  priming,  and  an 
epoxy-polyamide  finish. 

Parts  made  of  coircsion-rcsistmt  steel  arc  passi- 
vated in  order  to  develop  their  corroeion-resistant 
qualities.  This  process  serves  to  remove  the  “active" 
centers  on  the  surface  and  to  leave  a thin,  durable, 
transparent  layer  of  oxide  that  prevents  further  cor- 
rosive or  oxidative  attack  on  the  metal.  Passivation  is 
accomplished  by  immersing  the  parts  in  an  aqueous 
puiuiiun  Cun  Mac  i fig  uf  niific  buJ  inii  sodium  di~ 
chromate.  The  temperature  of  immersion  varies  front 
70*  to  I55*F,  depending  upon  the  alloy  involved  and 
the  intended  operating  temperature.  Prior  to  treat- 
ment, it  is  essential  to  wash  part*  carefully  in  an  alka- 
line solution  in  order  to  remove  all  of  the  particles  of 
iron  that  may  have  accumulated  o>i  the  surface,  as 
these  would  develop  nut  stains  during  the  tieauncut. 
The  passivation  process  is  detailed  in  QQ-P-3S. 

Ferrous  surfaces  that  are  not  to  be  painted  usually 
are  treated  with  black  oxide.  The  nmifting  deposit  is 
a hard,  durable,  oxide  surface  that  is  attractive  and  it 
soiacwhet  resistant  to  covrosson  and  to  wear.  The 
process  is  applicable  to  both  ikhuUuuIcss  and  stain- 
less steels;  it  involves  immersing  the  previously 
cleaned  part  in  an  alkaline,  or  alkahnc-chromatc.  oxi- 
dizing solution,  followed  by  warm  and  then  cold 
water  rinse*.  a final  chromic  acid  dip,  and  drying  in 
warm  air.  The  process  it  defined  in  MIL-C-13924. 
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Ferrous  metals  that  are  to  be  painted  are  given  a 
phosphate  coating  in  accordance  with  MIL-P-16232. 
These  coatings  are  of  two  types:  Type  M.  which  has  a 
phosphate  base;  and  Type  Z.  which  has  a zinc  phos- 
phate base.  Type  M coatings  arc  more  resistant  to 
alkaline  environments  than  arc  Type  Z coatings. 
When  they  are  applied  properly,  the  reaction  forms  a 
mixcd-mcial  phosphate  coating  on  the  surface  of  the 
ferrous  metal  that  is  close-grained,  fine,  and  Tree  of 
powder  and  coarse  grains  and  that  sejlsthc  surface 
well.  The  treated  surface  is  more  resistant  to  cor- 
rosion and  provides  a firm  base  upon  which  to  apply 
wash  prime  and  prime  coatings. 

In  all  of  the  foregoing  treatments,  the  metals  em- 
ployed, especially  the  ferrous  metals,  are  subject  to 
the  absorption  of  hydrogen  from  the  solutions,  and 
the  hydrogen  serves  to  embrittle  the  metal.  It  is 
desirable  to  promote  the  diffusion  of  hydrogen  from 
the  metal  by  heating  at  2IO°-225*F  for  8 hr  in  order 
to  provide  hydrogen  embrittlement  relief. 

Still  another  class  of  finishes  frequently  employed 
is  the  flame-sprayed  type.  In  this  technique,  metals, 
silicon  dioxide,  titanium  dioxide,  alumina,  or  other 

nvii^M  un/4  nwrumin  materials  orn  Cm/I  inl/t  0 ninemo  uip 
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oxy  acetylene  flame  — cither  as  strands  or  powder  — 
where  they  are  vaporized  and  deposited  on  any  sub- 
strate that  will  condense  and  hold  them.  By  this 
means,  similar  or  dissimilar  metals  can  be  applied  to 
metallic  or  nonmctsllic  surfaces.  Ceramic  materials 
can  be  applied  in  order  to  provide  abrasive  surfaces, 
wear-resistant  surfaces,  or  flame-resistant  coatings. 
MIL  M-6874  covers  the  flame-spraying  of  metals. 
Woi  1 metal  surfaces  can  be  built  up  and  subse- 
quently machined  in  order  to  repair  shafts,  pistons, 
pins,  etc.  One  useful  application  has  been  the  flame- 
spraying  of  titanium  dioxide  coatings  upon  the  mciaS 
exhaust  skirts  of  jet  engines  for  oxidation  protection. 
243  PLATING 

Another  method  of  applying  attractive,  durable, 
and  abrasion-  and  corrosion-resistant  coatings  to 
mculs  and  plastics  is  metal  plating.  The  platings  of 
most  interest  in  helicopter  design  are  copper,  nickel, 
chromium,  and  cadmium.  Except  for  electrical  com- 
ponents, where  electrical  conductivity  is  important, 
copper  plating  is  used  only  10  provide  a besc  for  the 
wear-resistant  nickel  and  chromium  platings.  Chro- 
mium and  nickel  platings  arc  used  to  provide  hard 
and  wear-resistant  surfaces  for  such  objects  as  snap 
faalcners.  strap  holders,  handies,  knobs,  seat  arms, 
instrument  parts,  and  other  items  where  paintitqi 
would  not  be  satisfactory  or  economical.  Cadmium 
and  zinc  plating  are  employed  almost  exclusively  to 
provide  galvanic  protection  against  cwnmois.  Cad- 
mium is  the  preferred  anisg  for  ferrous  metal  items 
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such  u null,  bolts,  screws,  inserts,  cud  pins  used  in 
assembly,  particularly  where  dissimilar  metals  are 
employed. 

A treatment  of  me  tal  plating  can  be  found  in  Ref. 
7.  In  this  process,  fo  ur  methods  are  used  extensively: 
electrolytic,  chemical  reduction  or  electroless, 
vacuum  vappr  deposition,  and  molten  metal  dip. 

In  electrolytic  plating,  the  item  to  be  plated  is 
cleaned  so  as  to  provide  an  oil-  and  dirt-free  surface, 
and  then  is  connected  aa  the  cathode  in  an  electroly- 
tic cell.  The  anode  is  nvsde  of  the  plating  material, 
and  when  an  electrical  current  is  passed  through  the 
electrolyte,  the  metal  is  deposited  upon  the  suifaee  of 
the  item  being  plated.  In  some  cases,  the  item  first  is 
coated  with  a thin  layer  of  copper,  which  adheres 
readily  to  the  base  metal  and  forms  a firm  surface  to 
which  the  plating  metal  (cither  nickel  or  chromium) 
can  attach  firmly.  There  are  a great  many  proprie- 
tary electrolytic  solution  formulations  and  processes. 
Considerable  skill  is  required  to  obtain  a uniform, 
fine  grain  a ad  bright  coat,  and  much  care  must  be 
ecercued  to  assure  rihaalincss.  avoidance  of  poisons, 
prevention  of  treeing,  biimriiu  and  cracking,  and 
avoidance  of  ooaranfraiaed  platings.  Applicable 
Federal  Specifications  are  QQ-N-290,  OQC-320. 
sad  QQ-P416. 

Electroless  or  chemical-reduction  plating  depends 
upon  the  gcncratioi  of  activated  atoms  of  the  metal 
to  be  deposited  at  iacsnt  to  the  activated  metal  sur- 
face upon  which  the  foisting  tu  to  be  deposited.  There 
are  proprietary  chemical  ccMpositiooi  a.tu  reduc- 
tion proxuei  for  most  metAli  used  in  pining,  and 
also  for  most  metal  and  plastic  fetse  matcr  ah.  There 
is  less  deader  of  hydrops,  euibrittlemeni  with  tins 
process.  The  elects  okan  method  is  suitable  for 
h-calixrd  pialung,  or  for  use  in  the  field  or  shop  where 
hboratoiy  or  process  line  facilities  are  not  available, 
ft  also  is  effective  for  some  of  the  more  difficult  jobs, 
such  as  nickel-plating  of  magnesium  surfaces,  where 
the  nickel  coating  term  to  make  the  surface  more 
wmr-re&ibiaffi!  and  fca*  impact -sensitive.  MIL-C- 
26074  covers  the  pklifl®  of  dectruiess  nickel. 

Vacuum  deiKMition  plating  is  conducted  in  a 
vacuum  chamber.  The  items  to  be  plated  arc  racked 
at  softie  optimum  tfotana  from  the  souirsc  of  the 
plating  nuetal,  sad  are  rotated  so  as  to  obtain  s uni- 
form coming  The  source  of  the  plating  ius-al  may  be 
a hat  wire  cc  s molten  pool  of  the  metal.  The  metal  is 
heatod  ekctricaJiy  to  a tesaperttwn!  at  which  it  vapo- 
rise*. from  the  surface.  Unrfcu  tht  in&uenoc  of  art  eke- 
troiutic  field  applied  between  the  waul  source  *ud 
the  it&su  Kim*}  pistad,  the  atoms  of  the  mesa!  be- 
come ioaiasd  sad  are  atiractad  to  the  surface.  This 
proesm  produces  an  MaptimJy  bright,  coherent. 


and  tenacious  coating.  It  is  used  frequently  for  metal- 
i/ing  plastics,  and,  because  the  danger  of  hydrogen 
embrittlement  is  negligible,  it  also  ir  used  for  the 
plating  of  high-strength  steel  parts  for  high-stress  ap- 
plications. !t  is  the  preferred  method  of  cadmium- 
plating  high-strength  bolts  and  nuts  and  other 
fasteners,  and  MIL-C-8837  details  the  requirements 
for  this  application. 

Galvanized  steel  products  are  made  by  dipping  the 
cleaned,  preheated  steel  in  molten  zinc.  Cadmium- 
plated  parts  also  are  made  in  this  manner,  and  earlier 
tin  coatings  were  applied  by  the  dip  process.  How- 
ever, the  dip  coating  of  steel  with  cadmium  and  tin 
has  been  superseded  by  the  more  economical  and 
more  precisely  controlled  electrolytic  processes. 
MIL-T- 10727  covers  electroplating  and  hoi  dipping 
of  tin. 

In  both  the  electrolytic  and  electroless  procesret, 
hydrogen  embrittlement  is  a 'significant  hazard.  Dif- 
fusion of  the  hydrogen  into  the  metal  under  the  elec- 
trolytic forces  is  greater  than  in  the  case  of  electro- 
less deposition.  The  danger  increases  with  the 
strength  and  modulus  of  the  piated  material.  Thus,  it 
is  necessary  to  program  a hydrogen  embrittlement  re- 
lief heating  cycle  in  order  to  promote  the  diffusion  of 
hydrogei  from  the  basic  meutl.  The  optimum  time 
and  temperature  will  depend  upon  the  nature  of  the 
coating  material  and  of  the  base  metal,  as  wdl  at 
upon  the  scheduling  requirements  for  the  part. 
Generally,  the  plating  specification  will  require  hy- 
drogen embrittlement  relief.  Embrittlement  from  the 
vauum  plating  process  and  from  the  molten  metal 
dip  process  is  minimal. 

Tarts 

Tapes  of  varying  composition,  texture,  thickness, 
and  width  are  used  in  * variety  of  ways  in  helicopter 
design.  Fabric  tapes  may  be  woven  or  nonwoven.  im- 
pregnated or  nonimprogfiMcd,  and  made  from  many 
of  the  advanced  plastic  materials.  The  tapes  may  or 
mny  not  have  adhesive  on  one  or  both  sides 
(pressure-sensitive  (apes). 

One  application  for  tapes  is  in  the  maifcutg  of  heli- 
copters. Deceit  conforming  to  the  requirements  of 
MIL-P-34477  ny  be  used  in  lieu  of  print  for  sH  ex- 
ternal and  internal  la.triungs  within  the  aiae  limits 
specified.  They  may  be  preasure-seaniitve,  sdlwaK- 
backnd,  and  scored,  and  are  applied  over  previow.  !y 
finished  surfaces. 

Antislip  tapes  are  used  on  walkways,  steps,  and 
similar  areas,  wiuir  higb-visilMfcSy  t»f«®j  are  em- 
ployed in  warning  inr-igutu.  Caution  be  stand 

to  insure  that  anf  vdip  tape  edgps  are  not  eapeewt  to 
sirllow  thnt  tan  cm  the  t to  psei.  Tbs  ase  of 
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Myliii  and  polymide  tape-  to  electrically  driven 
motors  h'is  made  possible  the  construction  of  light, 
powerful  motors  that  ct*r>£  readily.  Tapes  also  are 
used  for  binding  wiring  hantt’-ii*,  sealing  access  ports, 
and  sealing  cvvitiea  far  fosm-ira -place  filling.  Teflon 
tapes  are  used  to  provide  kou-fric\tur.  surfaces  for 
low-load-bearing  areas  subject  to  sliding  contact. 
Finally,  masking  tvpcs  arc  treed  in  the  finishing, 
repair,  or  repainting  of  surfaces. 

2-7  LUBRICANTS,  GREASES,  AND 
HYDRAULIC  FLUIDS 

2-7.1  GENERAL 

Although  this  chapter  is  devoted  to  materials,  the 
subject  of  lubricants  and  hydraulics  cannot  be  di- 
vorced from  the  total  system.  The  designer  cannot 
simply  choose  any  oil  or  hydraulic  fluid  for  a par- 
ticular use.  A lubrication  system  is  designed  for  de- 
livering oii  to  the  moeltanisms  to  be  lubricated.  Se- 
lection of  the  oil  to  be  used  is  as  much  a function  of 
the  filtering,  cooling,  and  pumping  properties  of  the 

«y«t£rn  JJSflj;  it  5*  nf  tkr  !Jif5^liSniC5El2  *G  l>C  IliSjH* 

cated-  Similar  consider  .tiro  >su  *r*  applicable  to  the  sc- 
lection  of  hydraulic  fluids.  Even  with  greases.  Kiit.f 
matter  of  service  and  rtit'ntentuJCT  awl  the  provision 
of  a«!hqu*iic  fining*.  bushings,  mod  scats  must  be  con- 
sidered in  relation  to  the  lubrication  nucaU  and  file 
grct.sc*  selected. 

Tt«csc  art  dynamic  rai.hu  than  static  uses  of 
materials.  The  wide  range  of  lubricating  rr.nttriait 
and  their  aquations  ate  indicated  in  Table  2-18. 
Even  where;  tlu  sy,wcm  is  not  dy ramie  and  main- 
tenance is  not  a problem  — av  v.  ilk  tlv.  use  of  settled 

l. _* .a;  — J*  — . — l-i.  -• 
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co»u,  and  mat  trial*  of  tugl.  lubucity  such  as  T eflon 
- - the  frtetioiul  and  »*a;  dumsctcrMlkCs  of  the  pert* 
involved  must  bi.  amaiy.'Cu  and  bnlajvwsd  as  a system 
rather  than  through  treating  each  contact  friction 
«ra<  m a n isoialad  case. 

2-7.2  BiESutiK  OF  UJUttCAYlON  SYSTEMS 

The  reqe^rerauiU  fen  design  of  lubrication  syv- 
tewr  tm  t«rbi<*j  citgutes  ikwa!?**'.  in  helicopters  are 
dttco&.iotf  in  Chaptiif  3:  requirements  for  tians- 
rriMutnv  m&  tfriiv.  system  lubrication  are  discussed  in 
Chapu.,  4.  Ac  (SfiastilMsd  in  Output,  4.  the  contractor 
akcJt  pitspure  a tf&aih-j  lubrication  list  for  approval 
prior  to  iHckskm  of  utch  lubrication.  dam  in  any 
technical  crAu,  handbook,  <*r  other  mnintenunu, 
doeuctuuK  sdssdal'wil  for  cuilvery  fi;  tin  Gown  nmcm. 
Lisl.%  &(  a filwkwii  c,;;d  t ewrespeiwdiHg  lufcvi- 
cation  interval  for  » given  application  o.vniaitute^  as- 
surance by  the  contractor  that  rucii  cqu.p.-went  will 


perform  as  required  for  the  specified  interval  when  so 
lubricated. 

2-73  GREASES 

A detailed  di&cossinn  of  the  many  approved 
gi  tascs  is  included  in  MIL-HDBK-275.  For  pur 
poses  of  illustration,  the  applications  for  four  types  of.' 
greases  are  discussed. 

1.  Helicopter  oscillating  bearings.  A suitable 
grease  fo.r  use  in  bearings  having  oscillating  motions 
of  small  amplitude  — such  as  helicopter  rotor  head 
bearings  — is  described  in  MIL-G-25537,  and  is  ap- 
propriate for  equipment  that  must  operate  at  am- 
bient temperatures  of  -65°  to  I60®F.  It  also  should 
be  used  for  ball  or  roller  bearings  operating  st  high 
speeds  or  high  temperatures. 

2.  Ball  and  roller  bearings.  These  betiinj:  may  br 
lubricated  with  a grease  described  in  M1L-G-25D1 3. 
This  grease  is  intended  foi  use  in  the  temperature 
nu:ge  of  -103*  to  430®  F,  and  is  designed  parti- 
cularly foe  those  high-temperature  ball  and  roller 
hairing  applications  where  soap  thickener*  may  not 

L.I.  iiji^  f Tivo  r*'n«i  i-'l  frtrt t i+.r>  J\L-  ITY  tialiEJT  .1^  kJir-  Ki.Wfjlt.W 
•»**'  U.WvW».  1 » tv  W»  S-r.vw  •’•mm-i,  Wi  miv  wwv-  ••■-flf. 

may  ikx  saaetfd  JKIQ.OQC.  This  grease  is  not  to  be  uawi 
for  tiidia*  nwisl-on-meul  uses.  such  tu  journal 
bcariftfir,  ojmi  jt.5  gears,  and  gear  trains 

3.  Genre  and  actuators.  A gerwrcjl-punsm  grense 
fiH  ttquiptucai  requiring  a lubricant  wifi  high  tod 
capacity  is  described  in  MIL-G-81322.  This  greaw  is 
useful  in  tbt  temperature  range  of  -65®  Co  356“  F, 
turd  is  compatible  with  rubber. 

4.  Fisrauiistic  systems.  Another  frequently  re- 
quired grease  is  described  by  MIL-G-4343.  This 
grease  is  intruded  for  use  in  porunaatic  syster.ru  a*  a 
lubricant  bttweet.  rubber  *eui*  aud  mcuu  paiis 
(under  dynauvjio  cooditiocu),  so;d  has  proven  satis- 
frwttwj’  in  sesvisje  at  pvesturesi  to  2080  psi.  la  is  suit- 
abk'  foi  msc  with  M 111-^-55 1 6 ivM>«,  Ivut  skouW  not 
he  tx&d  with  other  types  of  rubfcr-v  wilhotU.  pries 
tecittJg  for  coflap'Stihi'  ty. 

2-7.4  IWV  FILM  AND  PERMANENT 
LUBKICANTS 

Beesur.':  or  the  hf.y.b  level  of  rand  and  dust  oon- 
frequently  eacocrtiercd  in  helicopter 
Oj-vrattor:-.  il  ii  advanlagrout  to  use  nonwelting  iuhri- 
canti  that  do  not  cause  the  dev!  to  adi^tse.  Im'.hirfta'J 
among  such  lubriwuKji  arc.  plastic  materials  high 
lubricity,  such  ;«  Te»ion  and  nylon,  molybdenum  di- 
sulfide i«  n pk  -ic  end  porous  cvsiifl  (usuallj 

brunee)  beariiV*  filled  w.'tfc  a nonvolatile  luivkant. 
such  as  silicone.  These  mtuliy  are  employtd  i«  low- 
load  applicat-iows.  Ri  i;.  intirunKniatiott.  and  t« 
I oA'-iqieod  slwiing  ttppiMiiooa. 


Molybdenum  disulfide  frequently  is  applied  as  a 
dry-film  lubricant  in  a pbenoKc  or  epoxy  bonding 
agent  to  provide  a secure  bonding  to  the  metal  base. 
MIL-L-46010  describes  such  a hot-cured,  solid-film 
lubricant,  and  MIL-L-46147  an  air-cured  solid  film 


lubricant  which  are  intended  to  reduce  wear  and  pre- 
vent galling  and  seizure  of  metals.  Dry-film  lubri- 
cants may  be  used  on  steel,  titanium,  aluminum, 
aluminum  alloys,  and  other  metals.  They  are  useful 
where  conventional  lubricants  are  difficult  to  apply 


TABLE  Ml. 

HEUCOPTEB  LUBRICANTS  AND  HYDBAUUC  FLUIDS 


ITEM 

ML 

SPEC 

USE 

CONTACT  SURFACE 

MH.-G-4MJ 

PNEUMATIC  SYSTEMS 

RUBBER-TO-NCTAl.  DYNAMIC 

MIL-G-77617 

PLUG  VALVES  «W 

TUEL  OIL  SYSTEMS 

MIL— C— 6037 

PLUG  VALVES 

GASKETS.  VALVES -GASOLINE  AND  OIL  RESISTANT 

GREASE 

MIL-G-211FI 

HIGH  LOAO  STEEL  SURFACES 

STEEL-TO- STEEL,  SLOING 

MIL-G-73C7 

BALL,  ROLLER.  NEEDLE  BEARINGS.GEARS. 
ACTUAT0R  SCREfS 

METAL  T0-METAL.81DE  TEMP  RANGE.  HIGH  LOAD 

MIL— G-75013 

BALL  AKO  ROLLER  BEARINGS. -100"  TO«-150T 

TANGENTIAL  METAL,  ROLLING  CONTACT 

MIL— G— 25537 

HELICOPTER  ROTOR  MEAD  SEARINGS.  OSCILLATING 
BEARINGS 

UETAL-TO-METAL.  SLIDING-  SMALL  AMPLITUDE 

MIL— G— 81 322 

SHE  EL  BEARINGS.  GEARS.  ACTUATOR  SCREW 

METAL-TO-METAL,  ROLLING  AND  SLIDING 

MIL— L— 3572 

SINDSHIELO  HIRERS 

METAL -TO-METAL,  LON  LOAD.  SLIDING 

MIL— L— 3918 

INSTRUUENT.  JESEL  BEARINGS 

STEEL  AND  JENEL  PIVOTS.  TO  -40"F 

MIL— L— 6081 

TURBINE  ENGINES 

UETAL-TO-METAL.  DYNAMIC 

M1L-L-7808 

TURBINE  ENGINES 

METAL-  TO  -METAL.  DYNAMIC 

LUBE  OIL 

MIL-L  -6085 

AIRCRAFT  INSTRUMENTS  AND  ELECTRONIC 
EQUIPTMENT  • 

METAL-fC-KETAL. FERROUS  AND  NONFERROUS 

Mll-l-6086 

GEARBOXES.  EXTREME  PRESSURE 

metal-tc-uetal.  HAROENED 

MIL-L  -23699 

HELICOPTER  TRANSMISSIONS,  GEARBOXES 

MLTAL-TO-METAL.  HARDENED.  TO  -40°F 

MIL— L— 22S5I 

AIRCRAFT  PISTON  ENGINES 

METAL-TO-VETAL 

MIL— L— 27694 

TACHOMETER  GENERATORS,  GYROMOTORS.  GIMBALS 

METAL-T0-METAL.  LON  LOAD.  HIGHSPEED 

CORROSION 

PREVENTIVE 

MIL— C -6529 

AIRCRAFT  ENGINES 

MINERAL  BASE  OILS.  50  hr  MAX  OPERATION 

lubricant 

MIL— L— 8362 

TIRE -TUBE.  MOUNTING.  DEMOUNTING 

metai.-rubber 

SOLtn  film 

MIL— L -8937 

CAW, TRACKS  .ROLLERS.  SPHERICAL  BEARINGS 

LOA-LOAD  SLIDING  CONTACT,  SAND  AND  DUST 
ENVIRONMENT 

THREAD 

COMPOUND 

MIL— T -55*4 

THREADS.SS  BOLTS. PIPING  MOUNTINGS 

ANTISEIZE.  GRAPHITE  . TO  40(T'F 

CcWPASf 

LIQUID 

MIL— L— 5020 

MAGNETIC  COMPASS 

METAL-TO-METAL.  METAl  -TO-JEBEL 

DAMPING 

FLUID 

MIL-S-610B7 

SERVO  SYSTEMS.  CRANK  CASES.  GEARBOXES.  FLUID 
TRANSMISSIONS.  ELECTRONIC  INSTRUMENTS  AND 
EQUIPMENT 

METAL-TO-METAL.  SILICONE.  -100“  TO  *500°F 

MU. -H -5606 

LANDING  GEAR  SHOCK  STRUTS 

FOR  SYNTHETIC  SEALING  MATERIAL 

MIL -H-6083 

PRESERVATIVE  OH  TEWING  AND  STORAGE 

NONOPf  RATING  r!  UID 

HYDRAULIC 

FLUID 

M'L  -H -7 71,01 

HIGH  TEMPERATURE  SYSTEM.  -40"  10  *550  r 

MINERAL  OIL.  PETROLEUM  BASE 

WIL-h-81019 

UlTPA  lot;  temperature  system,  autopilots. 
SHOCK  ABSORBERS.  BRAKES,  servocontrols 

PETROLEUM  BASE  FOR  SYNTHETIC  SEALING 

materials 

MIL-H-8328? 

AUTOPILOTS  SHOCK  ABS0R8ERS.BRAKES.SYSTEKS 
USING SYNTHE  TIC  SEALING  MATERIALS 

FIRE  RESISTANT  SYNTHETIC  HYDROCARBON  BASE 
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or  retain,  or  where  other  lubricants  may  be  contami- 
nated easily  with  dirt  and  dust.  They  generally  arc 
suitable  for  sliding  motion  applications,  such  as  in 
flap  tracks,  hinges,  and  cam  surfaces,  but  may  not  be 
used  with  oils  and  greases. 

2-7.5  HYDRAULIC  FLUIDS 
The  design,  installation,  and  data  requirements  for 
hydraulic  systems  are  covered  by  MIL-K-5440  and 
are.  discussed  in  detail  in  Chapter  9.  Two  types  of 
systems  are  defined:  Type  1,  which  is  designed  for  the 
-65*  to  I60*F  range;  and  Type  il,  which  is  used  in 
the  -65*  to  275*F  range.  Two  classes  of  systems  are 
defined:  1 500  psi,  which  has  a cutout  pressure  of  1500 
psi  at  the  main  pressure  con  oiling  device;  and  3000 
psi,  which  has  a cutout  pressure  of  3000  psi.  As  in  the 
case  of  the  lubricating  oils,  selection  of  the  hydraulic 
fluid  is  integral  with  design  of  the  system.  Pumps, 
motois,  flight  control  actuators,  heat  exchangers, 
flexible  connectors,  packings,  fittings,  filters,  ac- 
cumulators, and  electrical  interconnects  must  be  de- 
fined carefully  and  their  characteristics  shown  to  be 
compatible  with  the  fluid  selected. 
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CHAPTER  3 

PROPULSION  SUBSYSTEM  DESIGN 
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34  LIST  OF  SYMBOLS 

A,  - area  or  inlet,  inside  diameter,  in.1 

Am  « maximum  inlet  frontal  area,  in.1 
* ambient  pressure,  psia 
m maximum  velocity  dong  leading  edge  sur- 
face, fps 

V,  m inlet  velocity,  fpt 

K - free  stream  velocity,  fps 

Wf  ■ fuel  flow,  Ib/hr 

Sx\ * » inlet  pressure  Iona,  psi 
i « f^/14.7,  dimensionless 

3*1  INTRODUCTION 

The  propulsion  system  is  defined  during  the  pre- 
liminary design  of  the  helicopter  after  the  engine  or 
engines  have  been  selected,  and  their  location  in  the 
airframe  has  been  chosen.  This  chapter  is  concsrnod 
wi!h  the  detail  daian  of  the  various  iuutk  propul- 
sion system  configurations. 

The  propulsion  system  consist*  of  the  engine  or 
engines,  air  induction  subsystem,  exhaust  subsystem, 
fud  and  lubhcation  subsystems,  starting  subsystem, 
controls,  transmission  subaystem,  auxiliary  pouter 
unit  (if  applicable),  and  infrared  radiation  suppres- 
sion subaystem.  It  also  rUi  include  cooling  and  fire 
protection  subsystems.  The  air  induction  subsystem 
also  j hall  include  inlet  protection. 

In  the  paragraphs  that  follow,  engine  installation 
considerations,  propulsion  control  requirements,  fuel 
and  lubrication  subsystem  requirements,  compart 
most  coding,  accessories,  and  AFU* (auxiliary  power 
unit)  design  requirements  are  disci  ward.  The  trans- 
mission subsystem  is  discussed  in  Chapter  4. 

3-2  ENGINE  INSTALLATION 

HI  GENERAL 

Many  differs*  engine  installation  arrangement* 
am  poessfete:  front  drive,  rear  dr  vs,  side  by  side  for 
muhnugiac  hebcoptars,  etc.  Engine  locations  may  be 
selected  so  at  to  control  the  overall  CG  of  the  heli- 
copter to  obtain  the  most  effective  power  train  geo- 
metry. All  the  suhaystasuf  afcetf  function  well  in- 
divMuahy  and  togetimr  as  an  integral  propulsion 
system. 

Engi"*  installations  usually  fall  within  one  of  three 
r.tagfmea  thccompMely  submerged  ism  illation,  the 
semi  exposed  inctaiatioo.  and  the  exposed  inateWn- 
tioa^. 


3-2.1. 1 Subnwrgtd  lasts  ha  tioa 

The  submerged  engine  installation  places  the 
engine  completely  within  the  airframe.  This  arrange- 
ment, an  example  of  which  is  shown  in  Fig.  3-f, 
requires  careful  consideration  to  insure  adequate 
accessibility  for  maintenance. 

Removable  firewall  sections  often  arc  used,  but 
this  requires  attention  to  the  detail  design  of  seals  and 
securing  devices  to  insure  that  the  fire  protection  of 
adjacent  components  and  crew  stations  will  not 
diminish  with  repeated  removal  of  the  firewalls. 
Although  it  may  be  difficult  to  service  submerged 
engines  because  of  limited  accessibility,  their  location 
often  makes  it  possible  for  maintenance  personnel  to 
work  from  ground  level  or  from  the  cabin  floor, 
eliminating  the  need  for  built-in  service  platforms, 
because  the  engine  may  be  located  deep  within  the 
airframe,  engine  air  induction  and  exhaust  ducts 
usually  are  greater  in  length  and  more  complex  than 
for  any  other  configuration.  However,  inis  inherent 
inefficiency  may  be  offset  by  the  external  cleanliness 
of  the  aircraft. 

Hli  Srainywrl  lute iHau 

The  aemiexposed  installation  usually  nestles  the 
engine  between  the  main  gearbox  and  the  top  of  the 
fuselage  The  engine  is  mounted  directly  on  the  air- 
frame. This  method,  an  example  of  which  is  shown  in 
Fig.  J-l  requires  only  superficial  structure  to  com- 
plete the  engine  enclosure. 

The  heigh!  of  the  {»■!«*  in  this  type  of  installation 
usually  requires  built-in  service  platforms.  These 
platforms  often  are  built  into  the  cowling,  so  that  the 
work  platform  automatically  is  available  when  the 
cowl  it  opened.  When  this  is  impossible  and  separate 
platforms  are  provided,  the  engine  cowling  can  be 
much  lighter  because  it  need  not  be  structural. 

The  closeness  of  the  rotor  to  the  engine  installation 
requires  that  careful  oonsidenitiori  be  given  to  the 
cowflocking  mechanism.. It  should  be  easily  operable 
by  one  man  and  capable  of  being  inspected  from 
ground  level  for  adequate  security. 

The  semiexposed  installation  lends  itself  well  to  the 
use  of  either  front-  or  rear-drive  engines  because  the 
engine  can  be  located  either  forward  or  aft  of  the 
main  gearbox.  The  rear-drive  engine  may  result  in 
very  abort  engine  air  induction  subsystems  that  can 
be  anii-ioad  efficiently  by  most  heating  systems. 
Front-drive  engines  may  result  in  more  complex  in- 
duction subsystems,  sad,  because  of  their  com- 
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plicated  shape:.,  may  require  more  complex  anti-icing 
subsystems. 

Twin-engine  helicopters  often  employ  the  semi- 
exposed  conftj'ircticn  This  enables  a single  housing 
unit  to  enclose  all  engines,  nod  provides  good  a.xessi- 
Jtitly  to  all  engines  provided  they  are  spaced  sufftci- 
ently  fas  apart.  Additional  accessibility  can  be  ob- 
tained by  making  ioterengme  ^.rewalls  removable.  If 
this  is  done,  the  designer  must  pay  particular  atten- 
tion to  the  seals  on  the  removable  sections.  Laby- 
tinth  seals  arc  superior  to  other  sealing  rnethoos 
because  they  can  be  separated  repeatedly;  however, 
they  do  not  seal  as  well  as  other  methods. 

Interchangeability  between  engine  installation 
components  is  desirable,  and  usually  can  be  obtained 
for  the  exhaust  ducts,  engine  mounts,  and  engine  con- 
trol installations.  Careful  design  will  enable  many 
detail  parts  to  be  used  on  opposite  assemblies  with 
considerable  savings  in  initial  and  maintenance  costs, 
along  ivith  increased  aircraft  availability. 

3-2,?. 3 JfhjMjjwj 

In  the  exposed  installation,  engines  are  located  out- 


side the  airframe  and  arc  exposed  on  all  sides.  This 
arrangement,  an  example  of  which  is  shown  in  Fig-  3* 
3,  commonly  is  used  with  a streamlined  nacelle  that 
provides  environmental  protection  and  reduces  aero- 
dynamic drag.  The  externally  mounted  engine  ar- 
rangement provides  the  best  accessibility,  provided 
adequate  service  platforms  or  other  convenient  work 
areas  are  available. 

The  nacelles  sometimes  arc  attached  directly  to 
fuselage  frames.  Access  to  the  engines  usually  is  pro- 
vided by  removable  panels.  The  engine  mounts  may 
be  incorporated  into  the  basic  nacelle  structure.  A 
ftaiurc  of  this  type  of  nacelle  construction  is  that 
many  external  surfaces  may  consist  of  hinged  panels, 
which  when  open,  expose  the  engine.  ST  deseed,  the 
panels  may  be  opened  individually  tor  servicing  any 
localized  section  of  the  engine.  When  the  panels  arc 
in  tlx  closed  and  locked  position,  they  can  become 
loadsharing  structural  members  of  the  nacelle.  The 
pancis  also  may  be  designed  to  serve  as  a work  plat- 
form. This  arrangement  requires  a minimum  amount 
cf  fixed  structure  =r-d  results  t p,  maximum  scums; 
bilily  of  the  engine. 


j-igiM*  3-3.  Fk  posed  Engine  fttetailaska  (F.kswgie! 
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3-2.M  Design  Checklist 

The  following  items  are  applicable  to  each  of  the 
preceding  types  of  engine  installations  and,  as  such, 
are  basic  design  objectives: 

I.  A properly  designed  engine  enclosure  shall  be: 

a.  Aerodymanically  clean 

b.  Sized  and  proportioned  to  the  engine  and  its 
related  subsystems 

c.  Fastened  to  the  airframe,  not  the  engine. 
This  eliminates  problems  with  metal  fatigue 
associated  with  engine  vibrations. 

d.  Arranged  in  such  a fashion  that  the  major 
portion  may  be  opened  quickly  for  inspection  and 
minor  repairs,  or  removed  entirely  for  major 
maintenance  tasks  and  cowling  repairs 

e.  Adequately  ventilated  to  prevent  accumu- 
lations of  gases,  and  designed  so  that  accumulations 
of  dirt,  waste,  or  fuel  may  be  observed  without 
removal  of  cowl  sections 

f.  Properly  drained  so  that  no  fuel  is  trapped  in 
any  ground  or  flight  attitudes.  Any  fuel  likely  to  leak 
into  the  engine  compartment  must  be  drained  clear  of 
the  helicopter  through  an  appropriate  drain  system. 

2.  Appropriate  firewalls  must  be  provided  to  con- 
tain fires  within  the  engine  cowling  or  nacelle. 

3.  Daily  maintenance  aids  should  be  incorporated 
if  the  configuration  will  permit  them.  These  include 
work  platforms,  inspection  access  doors,  and  sup- 
ports to  hold  cowling  or  nacelle  panels  in  an  open 
position  to  ease  maintenance  operations  and  protect 
equipment  against  accidental  damage. 

4.  Maximum  interchangeability  of  parts  shall  be 
incorporated  into  the  design. 

5.  It  should  be  easy  for  an  observer  at  ground  level 
to  determine  that  the  cowling  is  secured  properly. 

6.  The  enclosure  should  have  easily-accessible  pro- 
visions for  fire  extinguishing,  by  ground  personnel, 
during  engine  starts. 

7.  All  portions  of  the  cowling  that  might  be  sub- 
jected to  exhaust  gas  impingement  and  to  exhaust 
flames  in  the  event  of  an  exhaust  subsystem  failure. 
shall  be  corrosion-resistant  steel,  titanium,  or  other 
equivalent  temperature-resistant  alloy  material.  The 
material  selected  shall  also  be  determined  by  the  heat 
transfer  analysis  considering  the  engine  heat  rejec- 
tion. 

8.  Cowlings  shall  not  interfere  wit  h any  parts  of  the 
engine,  its  operation,  its  accessories,  or  its  installa- 
tion. 

9.  Cowlings  shall  be  designed  to  provide  adequate 
cooling  of  the  engines  and  engine  accessories  during 
flight  and  ground  operations. 


3-2.2  ENGINE  MOUNTING 

The  engine  mounts  shall  be  designed  to  withstand 
the  loads  resulting  from  the  engine  torque,  thrust, 
and  gyroscopic  couple  in  combination  with  all 
applicable  ground,  flight,  and  inertia  loads.  In  addi- 
tion, engine  mounts  shall  withstand  transient  torque 
and  crash  load  conditions.  The  engine  mounts  and 
supporting  structure  shall  withstand  the  inertia 
torque  resulting  from  sudden  stoppage  of  the  turbine 
rotors  combined  with  the  flight  loads  for  3.0  g flight. 
Torque  decay  time  histories  shall  be  determined  by 
analysis  of  the  engine  characteristics,  but  in  no  case 
shall  stoppage  be  considered  as  occurring  t<  more 
than  3.0  sec. 

Engine  mounting  requirements  are  specified  in 
MIL-E-8593  and  shall  be  followed. 

Turboshaft-engine-powered  helicopters  may 
require  critical  alignment  of  high-speed  shafts.  It  is 
good  practice  to  design  a high  degree  of  accuracy  into 
the  mounts  and  supporting  structure,  and  thus 
eliminate  the  need  for  adjustment  on  installation. 
This  require:  more  intricate  tooling  during  manu- 
facturing, but  insures  positive  shaft  alignment. 

For  multiengine  configurations,  interchange- 
ability  is  desirable  and  can  be  achieved  by  designing 
the  engine  mounts  so  that  common  detail  parts  can 
be  assembled  to  result  in  opposite  assemblies. 

The  various  types  of  engine  mountings  may  be 
described  briefly  as  follows: 

1 . A three-point-suspension  type  that  incorporates 
a gimbal  or  bail  joint 

2.  A mounting  that  cantilevers  the  engine  from  the 
gearbox.  Few  engines  can  be  cantilever-mounted; 
consequently,  this  method  will  not  be  discussed. 

The  front  mount  of  the  three-point  suspension  may 
be  either  a single-  or  two-point  configuration.  The 
gimbal  arrangement  likewise  may  be  a single-  or  two- 
point  support.  The  ball  joint  arrangement,  on  the 
other  hand,  must  use  the  two-point  support  to  obtain 
torsional  restraint  for  the  engine.  When  the  three- 
point  support  is  used  with  either  the  gimbal  or  ball 
joint,  it  must  provide  engine  freedom  for  thermal 
expansion  in  all  directions.  This  is  accomplished  by 
providing  lateral,  axial,  and  vertical  restraint  at  the 
two  laterally  disposed  points,  vertical  restraint  at  the 
single  point,  and  torsional  restraint  through  the  two 
laterally  disposed  points. 

Other  configurations  using  the  three-point  ar- 
rangement may  place  the  gimbal  or  ball  joint  support 
alongside  the  drive  shaft  instead  of  concentrically  as 
is  commonly  the  case.  Because  the  engine  support 
and  drive  shaft  no  longer  are  concentric,  a simple 
"trailer  hitch"  arrangement  may  be  used  advantage- 
ously for  cost  savings  and  to  provide  for  easier  drive 
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shaft  and  coupling  inspection  and  overall  mainte- 
nance. With  this  configuration,  it  is  imperative  that  at 
least  one  of  the  drive  shaft  couplings  be  capable  of 
providing  adequate  axial  displacement. 

The  positive  gimbal  or  ball  joint  may  be  replaced 
by  an  elastomeric  element  that  supplies  vibration  iso- 
lation in  addition  to  the  flexibility  of  mechanical 
joints.  Isolation  mounting  systems  are  discussed  in 
the  paragraph  that  follows. 

3-2.3  ENCINE  VIBRATION  ISOLATION 

Chapter  8.  AMCP  706-203.  specifies  that  an  engine 
vibration  survey  shall  be  conducted  to  determine  the 
engine  vibration  environment  in  the  helicopter.  In  ad- 
dition. a test  plan  shall  be  prepared,  and  ground  and 
flight  tests  conducted  to  verify  that  the  engine  vibra- 
tion environment  is  satisfactory. 

Successful  helicopter  design  will  require  a flow  of 
data  among  the  engine  manufacturer,  the  airframe 
manufacturer,  and  the  procuring  activity.  This  flow 
and  the  required  data  are  defined  in  Chapter  8. 
AMCP  706-203. 

As  pointed  out  in  AFSC  OH  2-3.  a mounting  sub- 
system shall  be  designed  so  that  the  natural  fre- 
quencies of  the  enginefs).  when  installed  in  the  heli- 
copter, do  not  exceed  a certain  limiting  frequency  in 
those  modes  of  motion  that  may  be  energized  by  the 
vibratory-forcing  functions  generated  during  the 
operation  of  the  helicopter.  The  natural  frequencies 
shall  not  exceed  70%  of  the  lowest  frequency  of  the 
forcing  function. 

3-2.4  HREWALLS 

To  provide  for  isolation  of  fires,  zones  that  contain 
both  combustible  material  and  a source  of  ignition 
must  be  defined  and  shall  be  separated  from  the  rest 
of  the  aircraft  by  firewalls.  The  firewall  must  with- 
stand a 2000° F flame  for  15  min.  Sources  of  ignition 
may  be  hot  engine  surfaces  or  electrical  connections. 
High  pressure  ratios  and  increased  cycle  tempera- 
tures have  made  virtually  the  entire  engine  surface  an 
ignition  source.  Consequently,  the  practice  of 
defining  the  entire  engine  compartment  as  a fire  zone 
has  evolved. 

Stainless  steel,  at  least  0.015  in.  thick,  is  the  most 
commonly  used  firewall  material.  However,  in  appli- 
cations employing  a structural  firewall,  im- 
provements in  weight  and  cost-effectiveness  may  be 
realized  by  the  use  of  titanium  or  other  suitable 
material.  In  such  applications  the  structural 
requirements  usually  are  predominant,  and  the 
material  thickness  required  is  easily  capable  of  pro- 
viding the  necessary  fire  protection. 

Firewalls  provide  the  most  effective  protection 
when  they  are  kept  free  of  sharp  protuberances  such 


as  angles,  clips,  and  brackets.  This  allows  the  fire-ex- 
tinguishing system  to  operate  more  efficiently. 

Engine  installations  incorporating  nacelles  usually 
require  that  only  the  interface  to  the  airframe  be  fire- 
proof. This  area,  therefore,  should  be  kept  to  a mini- 
mum to  achieve  minimum  firewall  weights. 

Side-by-side  engine  installations  require  a common 
center  firewall,  which  can  be  made  removable  to 
enhance  engine  accessibility.  When  this  is  done,  care 
must  be  taken  to  insure  a tight-fitting,  rugged  seal. 
All-metal  seals  appear  most  attractive  for  this 
application.  Pliable  seals,  either  butted  or  lapped, 
eventually  deteriorate,  thereby  reducing  the  firewall 
integrity.  The.  seal  provides  the  removable  section 
with  a certain  amount  of  inherent  support,  facili- 
tating removal  or  installation.  Side-by-side  engine  in- 
stallations are  not  desirable  due  to  vulnerability  and 
survivability  considerations. 

On  each  face  of  firewalls,  and  immediately  adja- 
cent thereto,  use  should  be  made  of  materials  of  a 
type  that  will  not  ignite  as  a result  of  heat  transfer 
from  flame  on  the  opposite  side  of  the  firewall.  Com- 
bustible fluid-carrying  lines  that  traverse  a firewall 
shall  be  equipped  with  shutoff  valves. 

3-2.4. 1 Fire  Detectors 

Three  basic  types  of  detection  systems  are  used:  in- 
frared. continuous  wire,  and  spot  (thermal  sensors). 

The  infrared  or  surveillance  fire-detection  system 
provides  extensive  fire  zone  coverage. 

Continuous  wire  fire-detection  systems  are  of  two 
types:  those  in  which  the  resistance  across  a eutectic 
salt  filling  an  annular  space  between  two  conductors 
is  monitored  continuously,  and  those  in  which  in- 
creasing pressure  of  a gas  trapped  within  a sealed  line 
pneumatically  actuates  a switch.  Each  of  these  types 
is  routed  throughout  the  fire  zone  in  the  areas  where 
temperature  changes  caused  by  fire  are  likely  to  oc- 
cur. The  continuous-wire  element  is  subject  to  vibra- 
tion and  maintenance  damage,  which  can  result  in 
false  fire  alarms.  However,  continuous-wire  systems 
are  not  vulnerable  to  false  alarms  from  sunlight. 

The  spot  type  of  fire  detector,  or  thermal  sensor, 
actuates  a switch  to  trigger  the  master  fire-warning 
circuit.  This  type  inherently  is  more  rugged  than 
continuous-wire  detectors,  but  has  very  limited 
coverage.  As  a result,  spot  detectors  in  reasonable 
numbers  can  be  used  only  in  fire  zones  of  limited 
volume,  such  as  combustion  heater  compartments. 

MlL-D-27729  covers  volume  surveillance  types  of 
flame  and  smoke  detection  systems.  MIL-F-7872 
covers  continuous-type  fire  and  overheat  warning 
systems.  MIL-F-23447  covers  radiation-sensing  (sur- 
veillance type)  fire  warning  systems. 
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3-2.41  Fir*  ExtiacMtac 

Almost  all  recent  helicopter  designs  use  high-rate- 
discharge  fire-extinguishing  systems.  Most  systems 
use  vaporous  extinguishing  agents  propelled  by  a dry 
charge  of  high-pressure  nitrogen.  More  recently, 
some  extinguishers  have  used  pyrotechnics  as  the 
propellant  agent.  Inert  agents,  such  as  bromotri- 
(luoromethane  or  dibromodilluoromethane.  often 
are  used  because  of  their  good  extinguishing  prop- 
erties and  low  toxicity.  Furthermore,  the  low  boiling 
point  of  the  agents  facilitates  vaporization  and  distri- 
bution within  the  fire  zones. 

An  effective  fire-extinguishing  system  is  one  that 
will,  by  test,  demonstrate  15%  by  volume  agent  con- 
centration within  the  fire  zone  for  a duration  of  at 
least  0.5  sec.  The  system  must  meet  the  requirements 
specified  in  MIL-HDBK-221. 

3-2.5  ENGINE  AIR  INDUCTION  SUBSYSTEM 

Two  basic  tools  are  useful  in  the  aerodynamic 
design  of  engine  air  induction  subsystems.  These  are: 

1.  Analog  field  plotter,  which  uses  an  electrically 
conductive  paper  and  is  based  on  the  fact  that 
LaPlace's  partial  differential  equation  is  identical  for 
an  electrical  field  and  an  inviscid  fluid.  This  tech- 
nique yields  local  streamlines,  velocity  potential  lines, 
and  surface  velocities,  and  is  well  suited  to  two-di- 
mensional problems. 

2.  Potential  flow  digital  computer  program,  which 
uses  the  technique  of  superposition  of  sources  and 
sinks  to  yield  the  same  results  as  the  analog  field 
plotter,  but  with  greater  accuracy. 

Basic  criteria  for  the  aerodynamic  design  of  the  air 
induction  subsystem  duct,  which  must  satisfy  the 
requirement  of  the  engine  model  specification,  are: 

1.  The  air  induction  subsystem  shall  prevent  any 
erratic  or  adverse  airflow  distribution  at  all  operating 
conditions  and  attitudes. 

2.  The  air  induction  subsystem  shall  have  minimal 
aerodynamic  losses.  A 0.5-1. 0%  pressure  loss  should 
be  attainable  in  most  air  induction  system  designs. 
When  a particle  separator  is  installed  (see  par.  3- 
2.5.2),  the  pressure  loss  will  be  higher  but  should  not 
exceed  2.0-2.5%.  Each  1%  of  pressure  loss  results  in 
1. 5-2.0%  power  loss. 

3.  The  air  induction  system  shall  meet  the  mini- 
mum acceptable  engine  inlet  distortion  limits  as  pre- 
scribed by  the  engine  specification.  The  local  total 
pressure  should  not  differ  from  the  average  by  more 
than  5.0%. 

Items  1,2,  and  3 are  interrelated  and  pertain  main- 
ly to  pressure  gradients  determined  by  the  duct  area 
distribution,  duct  wall  radii  of  curvature,  and 
changes  of  duct  wall  curvature.  To  insure  that  these 


requirements  are  met.  the  duct  pressure  gradient  is 
made  favorable  for  the  flow  by  decreasing  the  cross- 
sectional  area  of  the  duct  along  its  length  and  by  con- 
touring the  walls  of  the  duct  to  polynomial  equations. 

3-23.1  Air  Infection  Subsystem  Design 

The  external  lip  profile  is  established  by  fitting  an 
external  cowl  contour  (usually  a NACA  Series  I or 
an  elliptical  shape)  from  the  lip  tangent  point  to  the 
inlet  envelope  boundaries.  The  inner  lip  shape  usually 
has  an  elliptical  contour,  and  the  design  parameters 
are  given  in  Ref.  I . Class  A Kuchemann-Weber  cir- 
cular intakes  described  in  Ref.  2 yield  design  para- 
meters similar  to  those  given  in  Ref.  I.  Ref.  2 also 
suggests  a desired  design  range  of  inlet  velocity  to  free 
stream  velocity  ratio,  i.e.. 

0.4  < V,  / V,<  0.65  (3-D 


where 

V,  = inlet  velocity,  fps 
y„  = free  stream  velocity,  fps 
Beyond  this  range,  the  possibility  of  leading-edge  ve- 
locity peaks,  and  hence  flow  breakdown  at  the  nose, 
increases  greatly. 

Ref.  3 shows  that  a certain  minimum  frontal  area  is 
needed  to  keep  the  external  maximum  velocity  within 
limits.  This  criterion  is  satisfied  when 
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where 

Am  = maximum  inlet  frontal  area.  in.J 

Aj  = area  of  inlet,  inside  diameter.  in.} 
y max  = maximum  velocity  along  leading  edge  sur- 
face, fps 

In  addition,  pressure  measurements  should  in- 
dicate that  variations  in  inlet  total  pressure,  evaluated 
in  terms  of  a distortion  index,  as  defined  in  the  engine 
model  specification,  are  within  the  required  specified 
values. 


3-2.51  Inlet  Protection 

The  engine  air  induction  subsystem  should  be 
designed,  to  the  maximum  practicable  degree,  so  that 
foreign  objects  from  external  sources  will  not  enter 
induction  subsystems.  The  level  of  protection  re- 
quired for  the  engine  air  induction  subsystem  is  de- 
fined during  preliminary  design.  Various  engine  air 
particle  separators  (EAPS)  are  described  in  Chapter 
8,  AMCP  706-201. 

An  engine  air  inlet  sand  and  dust  protection  device, 
if  installed,  shall  meet  the  criteria  specified  in  Chapter 
8,  AMCP  706-201. 
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m3  Aw*  irit 

An  induction  anti-king  Mibtystan  shall  be  de- 
aignod  to  anti- bee  uttxfaaorily  the  induction  lystcm 
when  operating  in  the  tang  environments  specified  in 
MIL-E-8593.  The  anti-idiig  Mibsystetn  «U/  function 
from  tea  level  to  the  helicopter  service  ceiling. 

If  an  ke  detector  is  installed  in  the  induction 
system,  the  detector  shall  conform  to  MiL-D-3181 

Any  failure  of  the  anti-king  control  shall  result  in 
the  anti-king  subsystem  remaining  in  or  reverting  to 
(he  anti-icing  ON  mode. 

Engine  air  induct  ton  systems  can  be  anti-iced  either 
electrically  or  by  the  use  of  engine  bleed  air.  The 
former  (electrically)  can  uae  a non  metallic  duct  in 
which  thermoelectric  heating  dements  arc  embedded. 
The  latter  type  (bleed  air)  has  used  a metallic  duct 
that  is  formed  into  a double-skin  heat  exchanger 
adjacent  to  the  area  requiting  thermal  protection. 
These  bleed  air  heat  exchangers  have  been  made  with 
and  without  fins. 

The  decision  between  electrical  and  hot  air  systems 
is  made  for  each  helicopter  on  the  basis  of  the 
required  helicopter  mission  and  results  of  trade-off 
studies  in  which  the  airframe/transmiuion/enginc 
match  is  considered  to  determine  the  system  which 
results  in  the  lowest  aircraft  penalty. 

3-2JJ.I  Electrical  Aatl-kiug 

Typically,  electrically  anti-iccd  helicopter  engine 
air  induction  subsystems  require  a variation  in  local 
power  density  from  4.0  to  16.0  W/in.!  to  account  for 
local  vacations  in  surface  velocity  and  moisture  im- 
pingement rate.  Relatively  large  amounts  of  electri- 
cal power  arc  necessary,  which  results  in  a substan- 
tial investment  in  generator  power  and  helicopter 
weight. 

Electrical  systems  arc  relatively  easy  to  design  and 
test.  The  surface  temperature  of  the  air  induction 
duct  normally  is  held  to  40°F  (4.4'C)  for  the  atmo- 
spheric design  condition  the  anti-icing  system  is 
required  to  meet.  Calculation  procedures  arc  con- 
tained in  Ref.  4. 

3-2 .5.3.2  Bleed  Air  Aati-kiag 

Hot-air-type  unti-icing  subsystems  use  compressor 
bleed  air,  which  must  be  adequate  in  quantity  and 
temperature  to  meet  all  requirements  throughout  the 
power  and  environmental  spectra.  An  advantage  of 
these  systems  is  that  the  related  powci  penalty  is 
applicable  only  on  a cold  day,  when  ami-icing  is 
required.  In  most  cases,  the  helicopter  will  not  be 
power-limited  on  a cold  day  and,  therefore,  will  suf- 
fer only  a fuel  consumption  penalty  from  the  use  of 
compressor  bleed  air. 
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The  bleed  air  system  presents  some  mechanical 
problems,  however.  Fins,  if  used,  must  be  brand 
properly  to  the  outer  skins;  otherwise,  the  local  fin 
thermal  effectiveness  will  ht  zero.  A double-skin  heat 
exchanger  without  line  requires  small  gap  heights 
whose  tolerances  become  very  important.  Manufac- 
turing and  assembly  capabilities  also  become  impor- 
tant design  considerations. 

In  a bleed  air  anti-icing  subsystem,  engine  bleed  air 
is  ducted  from  the  compressor  bleed  port  to  a sole- 
noid shutoff  valve  and  then  into  the  intake  manifold 
at  the  leading  edge  of  the  induction  subsystem  inlet. 
The  (low  then  impinges  on  the  inlet  leading  edge,  pro- 
viding the  greatest  heat  transfer  at  the  external  flow 
stagnation  point  where  the  thermal  load  is  highest 
The  flow  then  passes  through  heat  exchangers  along 
the  inner  and  outer  lips  of  the  air  intake.  The  gap 
height  (minimum  gap  - 0.090  in.)  along  the  induc- 
tion system  flow  passages  is  tapered  so  that  the  ex- 
ternal skin  temperature  is  maintained  dose  to  40°F. 
The  air  then  is  discharged  overboard  through  dis- 
charge slots  located  at  the  rear  of  the  outer  lip.  A 
thermal  switch  should  be  used  to  monitor  duct  skin 
tempera  are.  This  switch  actuates  a warning  light  it 
the  skir.  temperature  drops  below  40* F while  the 
system  i in  operation.  Actuation  of  the  light  in- 
dicates either  a subsystem  failure  or  icing  conditions 
more  severe  than  the  subsystem  capacity 

3-1,533  Aalbkkf  Dcmmstratiea 

The  capability  of  the  anti-icing  subsystem  must  be 
demonstrated  by  test.  The  test  requirements  arc 
described  in  Chapter  9.  AMCP  706-203. 

3-2.6  EXHAUST  SUBSYSTEM 

The  design  of  the  cr.gir.j  c&hsugl  system  she!!  meet 
the  following  objectives: 

1.  Minimize  pressure  <oss  to  reduce  engine  power 
loss.  Losses  usually  can  be  held  to  a pressure  loss  of 
1%  or  less.  A 1%  pressure  loss  generally  results  in  an 
approximate  power  loss. 

2.  Prevent  loss  of  tail  rotor  efixicncy  due  to  hot 
exhaust  gas  flowing  through  the  tail  rotor 

3.  Prevent  loss  of  power  due  to  heating  of  the  inlet 
air  and/or  reingestion 

4.  Prevent  overheating  of  the  adjacent  structure 
due  to  impingement  by  exhaust  gases 

5.  Provide  maximum  possible  thrust  recovery. 

Exhaust  system  assemblies  usually  are  welded  or 

furnace  brazed.  The  brazed  assembly  offers  high  re- 
sistance tc  metal  fatigue  because  the  strength  of  the 
material  is  not  affected  appreciably  by  the  brazing 
operation.  Brazing  has  both  advantages  and  disad- 
vantages. It  requires  higher  initial  tooling  expendi- 
tures. has  a potentially  lower  unit  price,  and  usually  is 
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mom  difficult  tt>  repair,  ty  coatraat,  waMs  require 
law  tooling  ud  an  repaired  more  eaeily.  but  are 
stow  proof  to  metal  fatigue  became  of  the  nwtallur- 
gk  change  in  the  weld  area. 

To  reduce  pressure  losses  and  thus  obtain  max- 
imum efficiency,  the  exhaust  system  should  not  make 
abrupt  crow-sectional  changes.  Duct  bends  should  be 
gradual  and  an  adequate  diffusion  angle  must  be 
maintained.  In  muuicnginc  helicopters,  savings  in  in- 
itial costs  and  greater  availability  of  spare  parts  make 
interchangeable  exhaust  duct*  desirable. 

3-2jM  Eahmaat  Ejectws 

Engine  compartment/engine  component  pooling  ia 
discuiaed  in  par.  5-6.  However,  engine  installations 
requiring  positive  compartment  cooling  often  use  ex- 
haust ejectors  as  air  pumping  devices.  Although 
many  ejector  configurations  are  possible,  two  com- 
monly ait  used  for  this  purpose 

The  first  configuration  provides  an  annulus  for 
momentum  exchange  at  the  downstream  end  of  the 
exhaust  duct.  The  nacelle  that  forms  the  ouw  surface 
of  the  annulus  extends  beyond  the  exhaust  duct  to 
provide  an  adequate  mixing  length  for  this  ejector. 
Care  must  be  taken  io  picvcni  (nun age  iu  the  uaunh 

through  exhaust  gas  impingement.  High-tempera- 
ture liners  often  arc  used  in  this  area.  The  exhaust 
duct  is  of  conventional  design,  mounted  directly  onto 
the  engine. 

The  second  configuration  locates  the  momentum- 
exchange  annulus  at  the  upstream  end  of  the  exhaust 
duct,  the  engine  serving  as  the  inner  ring  of  the  annu- 
lus and  the  duct  as  the  cuter  ring.  This  method  allows 
longer  mixing  lengths  and  more  precise  alignment  or 
the  annulus  rings,  resulting  in  higher  operating  effi- 
ciencies. Two  basic  designs  are  possible.  One  sepa- 
rates the  exhaust  duct  from  the  engine,  thereby 
reducing  metal  fatigue  of  the  exhaust  duct,  which  is 
supported  by  the  nacelle  or  airframe  structure.  The 
other  uses  standoffs  to  mount  the  exhaust  duct  on  the 
engine.  The  latter  must  be  used  when  the  engine  in- 
stallation requires  a exhaust-duci-imposed  load  ,o 
change  engine  natural  vibration  frequencies. 

Generally,  the  selection  of  a method  for  providing 
the  necessary  cooling  airflow  will  have  been  mad . 
during  preliminary  design.  As  discussed  in  AMCP 
706-201 , par.  8-2.4,  this  selection  requires  examina- 
tion of  the  weight  penalty  and  pc.^cr  loss  associated 
with  the  alternative  means.  Design  cons.derations 
pertinent  to  the  integration  of  in  exhaust  ejeacr  into 
the  cooling  system  are  reviewed  in  par  ?.  t.  Included 
arc  references  to  design  proettiurrs  and  requirements 
for  design,  documentation,  and  demonstration 

5-24-2  Infrared  lift)  Radiation  fwigy  c ’-iw 

If  the  missions  assigned  to  a helicopter  mclur*  : the 


possibility  of  exposure  to  IR  seekitvjt  sreapotts.  an  JR 
radiation  suppression  subsystem  awry  be  resumed. 
The  extent  and  type  of  suppression  required  wilt  have 
been  defined  by  the  procuring  activity  and  included 
in  the  preliminary  design.  As  dwcusred  in  Chapter  8, 
AMCP  706-201,  the  IR  suppression  subsystem  may 
be  a part  of  the  helicopter  or  be  a asperate  ha.  In 
either  case,  the  suppression  of  IR  radwoktn  require* 
reducing  the  temperature  of  th.  hetu  sour  s*. 

The  paragraphs  that  tallow  discuss  only  passive 
countermeasures  to  IR  weapons.  Active  counter- 
measures  also  ms>y  be  required  but,  as  discussed  in 
Chcpler  8,  AMCP  706-205,  ti  e qualification  of  such 
systems  by  US  Army  Aviation  Systems  Command 
(USAAVSCOM)  is  limited  to  the  interface  between 
the  helicopter  and  the  subsystem. 

The  principal  heat  sources  ate  the  era^nc  hot  parts, 
exhaust  duct,  and  exhaust  plume.  However,  other 
heat  sources  also  may  produce  significant  .mounts  of 
energy  in  the  IR  frequency  band.  Tht  radiation  from 
other  sources  <e.g„  heat  exchanger  outlets  and  solar 
reflection  from  windshields)  also  may  have  to  be 
reduced  to  bring  the  total  IR  signature  of  the  lacli- 
copter  within  f hsiit?. 

3-2. 6. 2.1  IR  Suppress&ia  Req&kesueni*) 

The  I R suppression  requirements  for  a new  Army 
helicopter  will  be  provided  by  the  System  Specifkr- 
tion.  Typically,  the  requ  rement  will  be  *Uted  iu  the 
example  that  follows. 

!■■■»>  fawwwi  h n mmm  am 

IR  SUPPRESSION  REQUIREMENT 
(example) 

The  maximum  total  IR  radix1  ion  signature  of 
the  helicoptei  shell  be  suppressed  to  levels  not 
to  exceed  5 (2  desired)  W/sr  in  the  3-5  micron 
bandwidth.  The  total  IR  radiation  signature  is 
comprised  of  direct  (i.e,  visible  5ioi  metal 
parts),  indirect  or  reflected,  arid  exhaust  plume 
radiation.  Radietion  from  the  engine  and  tail- 
pipe and  from  all  secondary  soutets,  such  as 
heat  exchangei  outlets  and  fuselage  areas 
washed  by  exhaust,  aie  ittJuded.  The  sup- 
pressed IR  radiatirn  signature  requirements 
shall  be  based  upon  the  Army  Hot  Day  Atmo- 
' sphere  (i.c  , 125°)-'  at  sea  lr  /cl)  and  shall  apply 
witu.  the  engine  operating  at  intermediate  power 
and  with  the  helicopter  at  the  grot*  weigh:  that 
rcsolts  in  the  highest  exhaust  gas  temperature. 
The  signature  shall  be  evaluated  at  Sower  hem  s- 
pbcir.  upper  hemisphere,  and  coplana’  viewing 
angles  aid  the  required  level  of  suppression 
shall  apply  to  the  viewing  angk  that  results  in 
the  maximum  signature. 
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IR  wffwwiwt  Mtfftdcnl  to 
tteftiat  jpnffc  threat*  will  b*  prcvMkad  w a diwifwd 
(tt^flwntac  to  the  lyittn  specification.  Tk 
maiiMWMtti  amp*. able  sigwrture  will  be  dascribsd  in 
aunt  detail,  wok  iftoaximwm  aHowbte  limits  besag 
prescribed  fur  the  taergy  radiated  at  aweh  of  several 
wavetaiftiM  wkkie  the  lift  cpsetnuw. 

A c«m'pt«tkea»ive  tnt tttmht  of  aaltiary  IS  toeb- 
eroiogy  m great  by  AMCf  7^127  aad  AMCP  J54^ 
S2S  (tefxcrad  MtUt&y  Fan*  G*e  aad  Two!. 

Methods  See  she  eatiatatioa  of  OR  radiation,  with  or 
without  luppeauMoa.  art  give*  by  tbit  two-part  hand- 
book. Additional  whwaoa  partmeot  to  IR  suppres- 
sor dsaiga  wiU  be  ptovi&d  by  UIMV9COM  upon 
mpua.  However,  eoaapliaace  with  suppression 
requirements  wiU  be  duuioaftraksd  by  a IR  ngjoturc 
surrey  (in  per.  Wf 2.  AMCP  Xb2U). 

2-lMX'X  Eirlaaat  Swfwom 

As  moss'd  previously.  the  prinapel  towca  of  IR 
radmicii  from  a helicopter  arc  the  visible  hot  parts  of 
the  eogiog  and  the  eogiae  exhaust.  Therefore,  the 
Nuut  iatpurtaM  part  of  the  IR  suppression  autwys- 
um  maamily  h the  exhaust  tuppresaor.  Depending 
on  the  meeeioos  aseipaea  to  tk  iwikupto.  Ik  sup- 
pressor may  be  an  tnmtrai  pan  of  the  helicopter  or  it 
may  be  derig,rtud  at  a hit  to  he  installed  only  when  the 
helicof  sr  es  in  a combat  rok  in  which  engagement  by 
IR  weepoofs)  is  probable.  Further,  the  ex- 

haust IR  suppressor  nuiy  be  developed  by  the  engine 
contractor  and  provided  as  an  engine  accessory,  or 
the  helicopter  manufacturer  may  be  responsible  for 
the  development  of  the  suppressor  and  of  the  installa- 
tion. 

Design  of  an  exhuutt  IR  suppressor  is  a complex 
process.  The  alternatives  avaslf.bk'  are  di*ty*&ed  in 
Chapter  8,  AMO* 706-201,  and  the  trade-off*  among 
the  [xwrible  power  losses  and  weight  increases  also 
arc  discussed.  The  methods  of  cooling  a suppressor 
arc  described  and  the  possible  use  of  low  cruissivity 
costings  ukp  is  discussed.  Further  explanation  of  the 
he'tt  transfer  processes,  including  pertinent  equations 
and  values  for  the  applicable  material  properties  and 
other  constants,  is  given  in  Ref.  4. 

Typically,  the  First  requirement  of  an  exhaust  sup- 
pressor is  to  shield  the  hot  engine  pans  from  external 
view.  The  shield  in  turn  is  itself  heated  by  impinging 
exhaust  gas.  The  effectiveness  of  the  shield  as  an  I R 
radiator  then  must  be  reduced  by  cooling  or  by  con 
tre!  of  the  emissivity  of  the  surface  of  the  shield,  or 
both.  However,  the  temperature  of  the  exhaust  plume 
can  be  reduced  only  by  cooling  and  this  really  can  be 
accomplished  only  by  dilution;  by  mixing  cooler  air 
with  the  plume.  Depending  on  the  specific  suppres- 


sion require  manta,  the  aasouais  of  ooa bug  sir  may  be 
quite  Urps  and  the  power  required  to  provide  die 
noreeiery  airflow  ike  may  baooow  taps.  Raf.  5 
describes  a study  of  advaaead  aapme/ttmaaaawaa/ 
airframe  iatopraiimt  axuapti  tmpabte  of  amettog  a 
etringmt  IR  suppression  requireawot  with  mmawaw » 
impact  upoo  propahiaa  rystaat  weight  aad  power 
required  for  spea&adi  mtattoa  perfarmam*. 

Whether  aa  sxhaosi  IR  repprmoor  is  mads  aa  wto- 
grai  part  of  the  en<$inc  hMtaRation  or  a reuovobte  kit, 
the  iartaUaiMMi  must  be  sound  structurally  ami  aunt 
not  aflact  adversely  the  vibration  enrironatrtu  of  the 
sstguve  or  of  the  haheopsar.  Further,  the  mstaikitMn* 
of  an  exhaust  IR  auppreaaor  on  a balicoptitr  dtotf  .err 
result  in  a reduction  of  angina  or  isgiw  rampa/i- 
merit  cooling  beta*  mmiatura  requited  levels  under 
any  normal  oparatiog  condition.  Ah»,  the  kwtnfifat- 
tion  iMf  **  reduce  apprsm&y  the  |tow«r  available 
from  the  engine,  or  ieaws  appreciably  either  tho 
power  required  from  the  aqht  or  the  IFC  baaed  on 
power  required.  Typically,  a power  leas  not  ia  aou 
of  3%  of  tltc  power  required  to  hover  at  the  spoofed 
hot-day  condition  (tg„  4000  ft,  95*F>  is  acceptable, 
although  the  loss  allowable  in  a given  case  will  de- 
pend upon  toe  Mgpfprauiuii  hvw  Spetuiad.  in  Any 
case,  the  iuuUation  of  any  device  to  suppress  the  IR 
signature  atotf  nor  prevent  the  compliance  of  the  heli- 
copter with  the  performance  requirements  of  the 
system  specification. 

3-3  PI  1PULSION  CONTROLS 

Control  of  a helicopter  propulsion  system  requires 
consideration  of  the  characteristics  of  the  helicopter 
rotor  as  well  as  the  en^nc.  This  control  system  is 
defined  during  preliminary  design,  and  the 

rrQuSrfy.fKts  sre  [a  in  Ch>p^r  8; 

AMCP  706-208,  The  detail  design  engineer  must  in- 
terfacc  the  control  system  design  with  the  engine 
manufacturer  to  assure  thxi  the  operation  and  per- 
formance defined  in  preliminary  design  are  at- 
tainable. Accordingly,  the  continuing  relationship 
between  engine  and  airframe  manufacturers  is  para- 
mount during  the  detail  design  phase.  Detailed  dis- 
cussion regarding  this  interface  relationship  is  pro- 
vided in  Chapter  8,  AMCP  706-203. 

34  FUEL  SUBSYSTEM 

3-4.1  GENERAL 

The  fuel  subsystem  consists  of  tanks,  refueling/ 
deluding  features,  lucl  feed  and  vent  lines,  fuel 
pumps,  valves,  fuel  gaging  components,  and  asso- 
ciated items  such  as  fuel  tank  compartment  struc- 
ture, drainage  provisions,  and  protection  materials. 


A ijpjt  fun-  mteyMou  t*  dluiittwi  diagram 
in  Fig.  W. 

Manx  of  the  fwri  mimytum  otxvtn  during  Um 
pntaiaury  doye  Mf  •*  dwamad  i>  ClufWt  t, 
AMC?  M6JK1.  Detail  deatgn  of  tut  fuel  wbiyMm 
jMT  b*  m aaaardnan  with  M1L-F-3U63.  eat***  u 
oodfad  by  the  pocumi  Activity.  The  (mi  suhays- 
im  dWf  U cnehwortfey  is  accordance  with  Ref.  6 
and  MIL4TD-1290.  Pmgn  am d iaataH«ion  hnura 
wiiiind  for  crathworthiai  * kre  dneriM  in 
Chapter  8,  AMCP  79FIII.  Alt  taoyowalt  and 
atroctural  men  (04.,  tanks,  aunts,  nod  certain  dry 
hoy  mw|  im  which  air/fud  auautras  nay  bo  wtcxtaad 
to  pwaibh  ignitm  aoutess,  «hot/  be  adequi atdy  pn>- 
Mod  (ton  fin  or  oa|4oeiqo.  M1U-F-3S3&3  also  co>.- 
tains  reqtufwuwaQts  for  the  caviruauMUtal  condiUcus 
unde,  which  the  fwd  whptan  dmU  operate  satis- 
factonly . Untau  the  tyOon  spodftcntioa  provided  ky 
the  (tmcuriiy  activity  proscribes  otherwise,  th: 
rastfKi  of  catbiwat  air  temper sutrc  oad  fuel  temper* 
turn  amt  the  maximum  water  constant  of  tbs  fud  skull 
he  m iptciStd  in  MIL-F-iJItl 

For  Ataumum  reliability.  it  is  desirable  that  the 
operation  of  fud  btd  subsystems  be  functionally  in- 
dependent of  the  Q|»(«iivn  t>f  oiliei  helivopiui  Sub- 


systems. specifically  the  atotncal,  byOraUa  am. 
pneumatic  subsystems.  Feed  systems  must  4k»vcy  l* 
the  cup incis)  unde;  all  possible  design  operaum  um 
dtuuns  of  the  helicopter,  both  ground  ,ns  fhghi.  the 
necessary  fuel  flow  el  the  pressures  spccslwo  •>  the 
engine  model  specification.  Where  possum:,  auction 
fuel-feed  subsystems  should  be  used  in  Ueu  o>  pres, 
sunxed  systems  for  increased  surety  am.  reuatawiy 

In  the  paragraphs  that  follow  the  pruicgui  design 
requirements  applicable  to  key  component*  and  iunc- 
l ions  of  the  fuel  subsystem  arc  desewtmt  am  rfc* 
cussed.  Refer  ervx  should  be  made  to  lailL-F-IXibi 
for  additional  requirements  ippltook  tc  in 
materials,  hardware,  and  components  used  in  a tuel 
subsystem  as  well  as  to  the  uutalUlior  of  the  turn 
system  in  the  helicopter  The  specdicatiof.  «>«. 
describes  ihc  data  that  must  be  pruvidu.  to  pcrm« 
the  procuring  activity  to  evaluate  the  fuel  sub&ysaean 
design  for  a new  helicopter . 

VU  FUEL  SUhSTSTKlW  COMPONENTS 
3-4JL1  Fuel  Ticks 

Mum  fud  tanks  nornialij  costsitt  of  one  or  more 
bladder-type  cells  interconnected  to  form  a tarts  of 
tpfiviiH.  Capacity . C.dii  iwn  bt  Constructed  lit  8Cww« - 


1 AB  — ENGINE  DRIVEN  FUEL  TUMP 
2AB  — FUEL  Fill  ER 

3 — FILTER  IMF  ENDING  BVPASS  WARNING  uIGi-.T 

(AIRFRAME  MOUNTED  DUAL  FILTERS' 

«AB  — AIRFRAME  M0UN1LD  DUAL  FUEL  FILTERS 
5AB  — DUAL  FILTER  8Y-°ASS  VALVE  (ELECTRICAL 
6 — APU  SHUTOFF  VALVE  (MANUAL! 

/AB  — 600u T FuViF  FAILURE  VV  An*. ' NG  LIGHT 
8AB  — BOOST  PUMP  PRESSURE  SWITCH 
9 AS  — ENGINE-DRIVEN  BOOST  PUMP 
10A6  - SYSTEM  PRIME  VALVE  (MANUAL, 

11AB  — FIREWALL  QUICK  DISCONNECT 
12A3  - SELECTOR  VALVE  (MANUAL) 

13  — HEATER  SUPPLY  L'NE 

14  -■  WOBBLE  PUMP 

1SABC  - CHFCK  VALVE  WITH  SCREEN 
16AI3  - SUMP  DRAIN  VALVE  (MANUAL) 

17AB  — ENGINE  DRAINS 


LEGEND 

- - fuel  supply 
ELECTRICAL 

ENGINE  SUPPLIED  COMPONENT  ENVELOPE 

t GINE  DFIAINS 
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dance  with  MIL-T-27422.  The  type,  protection  level, 
and  class  as  defined  by  the  specification  shall  be  ap- 
propriate to  the  application  (e.g..  Type  I for  self- 
sealing.  Type  II  for  nonself-sealing).  The  tank  con- 
figuration and  installation  shall  comply  with  MIL-F- 
38363  and  MIL-T-27422.  These  specifications  con- 
tain the  requirements  for  liquid-tight  structure  sur- 
rounding self-sealing  tanks  and  the  installation  of 
backing  boards  to  protect  flexible  self-sealing  tanks. 

To  prevent  overflow  each  tank  shall  contain  expan- 
sion space  equal  to  no  less  than  3%  of  the  total  fuel 
volume  of  the  tank  when  the  helicopter  is  in  a normal 
ground  attitude.  Gravity  filler  openings  shall  be  so 
located  that  all  tanks  can  be  filled  without  overfilling 
into  the  expansion  space.  For  pressure  refueling 
systems  the  level  shutoff  valve  shall  prevent  filling  of 
the  expansion  space.  Each  filler  opening  cap  shall  be 
in  accordance  with  MIL-C-38373.  All  tanks  shall  be 
provided  with  a low-point  drain  for  fuel  sampling 
and  defueling  purposes. 

External  fuel  can  be  contained  in  tanks  complying 
with  MIL-T-7378  or  MIL-T-18847.  The  installed 
location  should  permit  service  personnel  standing  on 
the  ground  to  inspect  visually  and  service  the  tanks. 
Inflight  jettisoning  should  not  affect  the  helicopter 
adversely.  To  minimize  combat  turnaround  time,  ail 
external  tanks  should  be  readily  removable  and 
replaceable  without  helicopter  disassembly. 

3422  Fuel  Tank  Vents 

Each  fuel  tank  shall  be  vented  to  the  atmosphere 
ihrough  lines  whose  capabilities  are  compatible  with 
the  performance  of  the  helicopter,  without  pro- 
ducing tank  pressures  detrimental  to  the  helicopter 
structure  or  to  the  tank. 

If  a pressure  refueling  system  is  required,  the  vent- 
ing capacity  of  each  tank  also  shall  be  sufficient  ,o 
discharge  the  maximum  rate  of  fuel  flow,  without  .x- 
cessive  tank  pressure  in  the  event  that  the  refueling 
system  shutoff  valves  fail  in  an  open  position.  Traps 
must  be  avoided,  and  the  subsystem  should  be 
operable  with  the  helicopter  afloat  if  amphibious 
operations  are  required.  If  vent  valves  are  used  to 
prevent  spillage,  they  *hall,  as  required  by  MIL-STD- 
1290,  close  when  the  helicopter  is  in  a position  of 
extreme  -ttitude.  The  vent  lines  may  be  designed  to 
prevent  spillage  without  valves  by  traversing  three 
directions,  etc.  See  Ref.  6 for  vent  line  design  details. 

3-4.2J  Fuel  Gaging 

In  accordance  with  MIL-F-38363,  a fuel-gaging 
system  that  meets  the  requirements  of  M1L-G-26988 
shall  be  provided.  It  shall  be  installed  in  accordance 
with  MIL-G-7940.  System  indication  of  total  fuel 


quantity  and  of  the  quantity  in  each  main  tank  shall 
be  continuous.  Design  of  the  gaging  system  and  fuel 
cell  interface  must  preclude  gaging  system  puncture 
of  the  fuel  cell  during  crash  conditions. 

Each  main  tank  shall  contain  a device  independent 
of  the  fuel  gaging  system  to  provide  a low-fuel  warn- 
ing. The  quantity  of  fuel  remaining  at  the  moment  of 
actuation  of  the  low-fuel  warning  must  be  sufficient 
to  allow  the  engine  to  operate  for  0.S  hr  at  maxi- 
mum-range  power  unless  otherwise  specified. 

14  •%  A as  -at ■ 

The  refuel/defuel  features  for  any  given  fuel  sub- 
system shall  be  specified  by  the  procuring  activity. 
However,  the  design  criteria  for  such  features  shall  be 
in  accordance  with  MIL-F-38363. 

All  helicopters  shall  be  capable  of  being  refueled  on 
the  ground,  using  a gravity  refueling  system,  without 
external  power  being  applied.  Unless  the  tar.xs  are 
too  small  for  the  rate  to  be  practical,  or  the  pro- 
curing activity  has  specified  another  rate,  the  fuel 
system  shall  be  capable  of  being  refueled  at  a con- 
tinuous rate  of  200  gpm  without  any  operations  other 
than  removing  the  filler  cap  and  connecting  the 
fueling  nozzle  bonding  plug  being  required.  During 
the  tank  topping  portion  of  the  refueling,  the  flow 
rate  may  be  less  than  200  gpm. 

If  the  internal  fuel  capacity  is  600  gal  or  more,  a 
pressure  refueling  system  shall  be  required  (MIL-F- 
38363).  In  this  case,  it  shall  be  possible  to  refuel  all 
tanks  from  a single  connection,  the  fuel  lines  being 
such  as  to  allow  the  fuel  level  in  all  tanks  theoreti- 
cally to  reach  the  full  position  simultaneously.  On  the 
other  hand,  the  subsystem  design  must  be  such  that  it 
is  possible  to  fill  selectively  any  individual  tank  or  to 
avoid  Tilling  any  given  tank.  Operation  of  shutoff 
valves,  plus  the  precheck  system,  must  not  depend 
upon  the  use  of  external  power.  To  prevent  excessive 
surge  pressure  within  the  refueling  system,  shutoff 
valve  closure  time  may  bt.  controlled,  or  appropriate 
pressure  relief  valves  incorporated.  Additional  sys- 
tem requirements  are  given  in  MIL-F-38363. 

Defueling  of  tanks  shall  be  possible  using  the 
pressure  refueling  system  when  installed.  When  the 
defueling  adapter  (MIL-A -25896)  is  not  used  also  for 
refueling,  positive  means,  such  as  a check  valve,  shall 
be  installed  to  prevent  refueling  through  the  adapter. 
A typical  pressure  refueling  system  is  illustrated  in 
Fig.  3-5. 

A sump  shall  be  provided  in  that  portion  of  each 
fuel  tank  which  is  lowest  when  the  helicopter  is  in  the 
normal  ground  altitude.  A drain  valve  for  fuel 
sampling  and  for  removal  of  sediment  and  water  shall 
be  provided  in  each  tank  sump  (MIL-F-38363). 
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If  inflight  fad-do«np«qg  » required  for  rapid  reduc 
tion  of  hriicopta  gran  wmgjt.  Ik  disetuMged  fuci 
dtaff  not  impinge  upon  or  rwnu  the  helicopter.  or 
fee  dnduipd  into  etikr  a*  arcs  of  «Utic  electricity 
discharge  or  the  eagmc  exhaust  plume.  Uains  the 
fuel  tanks  can  provide  a significant  head  tor  gravity 
dumping,  pumps  staff  be  used  to  achieve  the  desired 
dumping  rate.  The  tank  vent  line  capacities  must  be 
raviaoud  to  prevent  fmJ  cell  coHapae  while  dumping. 
MAI  Engine  Feed  Syafrm 

The  bed  system,  whereby  fuel  is  delivered  to  the 
engmefsk  staff  feu  designed  in  accordance  with  MIL- 
F-JW63.  In  general,  fad  must  be  available  on  an  un- 
interrupted bests  without  continuous  attention  of  the 
crew,  The  bed  system  must  alloc  normal  perfor- 
mance of  the  cagtooft}  under  all  attitudes  normal  for 
the  helicopter  on  the  ground,  awd  its  both  steady  and 
maneuver  flight  at  all  altitudes  up  to  and  including 
the  service  ceiling. 

Typically,  the  fttd  bed  system  consists  of  a main 
tank  or  tanks  feeding  directly  to  the  enginefs)  and 

"M^i  irnHcfnr  tnnjrt  ai  am  nanNcurv  t/j  wwt  thm 

capacity  requirements  of  the  helicopter  within  the 
w-nght  and  space  limitations  of  the  configuration.  On 
multienginc  helicopters  a separate,  independent, 
main  tank  and  feed  system  staff  be  provided  for  each 
engine.  These  independent  systems  also  must  be  so 
designed  that  fuel  from  any  tank  can  be  fed  to  any  or 
all  engines. 

Two  independent  and  isolated  methods  shall  be 
provided  to  move  fuel  out  of  each  tank,  except  only 
one  method  need  be  provided  for  jettiicnable  exter- 
nal tanks.  Each  method  of  moving  the  fuel  shall  meet 

the  flvw  ictjuifiiiicnii  flif  the  pSfilviiici  tank  iii'idet 

all  required  engine  and  helicopter  operating  con- 
ditions (altitude  and  attitude,  including  maneuvers). 
Fuel  shall  be  provided  to  the  engine  at  conditions 
specified  in  the  engine  specification.  The  suction  feed 
capability  shall  be  determined  for  fuel  temperatures 
specified  in  MIL-F-38363  or  as  specified  by  the  pro- 
curing activity. 

When  the  system  includes  transfer  tank(s)  as  well 
as  main  lank(s).  the  normal  sequencing  of  intertank 
feed  must  maintain  the  CG  of  the  fuel  system  w>thin 
acceptable  limits  throughout  the  range  of  fuel  loads 
from  full  to  empty  at  alt  required  flight  conditions. 

To  insure  that  the  particle  sizes  of  contaminants  in 
the  fuei  do  not  exceed  the  limits  given  in  MIL-E- 
5007,  it  mi.  be  necessary  for  the  engine  feed 
syttcm(s)  to  include  filters  01  strainers.  If  so,  the 
strainers  shall  be  in  accordance  with  MIL-S-87|Oand 
the  installation  shall  be  in  accordance  with  MIL  F- 
38363. 


Additional  requirements  and  guidelines  applicable 
to  the  design  and  installation  of  bed  systems  that  will 
be  caponed  to  enemy  ground  fire  and  for  which  self- 
sealing  tanks  arc  required  alio  arc  given  by  MIL-F- 
3*363. 

!417  FM  Drains 

The  fad  subsystem  design  staff  htefade  adequate 
drainage  provisions  in  accord anor  with  MIL-F- 
3*363.  Sofficiast  drains  are  required  no  that  all  low 
points  of  the  system  cm  Ik  drained.  All  nacrilee. 
bladder  tank  cavities.  dry  beys,  and  podais  and  traps 
in  the  structure  where  fuel  may  collect  staff  be 
drained  to  the  exterior  of  the  helicopter.  Drain  botes 
or  drain  tubas  staff  be  QJ8  in.  diammwr  minimum, 
except  the  drams  for  structure  aurrounding  self- 
seated  tanks  staff  be  0.30  in.  diameter  mintmum. 
Fuel  drains  staff  not  be  interconnected  with  dram 
lines  carrying  other  liquids.  The  installation  of  fad 
drains  staff  be  such  that  under  no  operating  condi- 
tion will  drainage  re-enter  the  hehoopter  or  come  in 
contact  with  cither  the  engine  nhauat  gas  wake  or 
wheel  brakes.  In  those  isolated  cases  when  the 
passage  of  a fuei  line  through  the  occupied  puriiuu  of 
the  helicopter  cannot  be  avoided,  any  joints  in  the 
line  within  the  occupied  area  staff  be  shrouded  and 
drained. 

34U  Centrals  and  inatimnsntettea 

The  controls  for  the  fuel  system  shall  be  grouped  in 
the  cockpit  in  a functional  manner.  A simplified  dia- 
gram of  the  Tuel  system  shall  be  inscribed  on  the  pan- 
el so  the  function  of  each  switch  is  indicated  dearly. 

As  a minimum,  presentation  of  the  following  per- 
formance data  for  the  fuel  system  shall  be  provided  in 
the  cockpit: 

1 . Fuel  quantity,  coch  main  tank  and  total 

2.  Low  fuel-level  warning  foi  euch  main  tank 

3.  Bypass  warning  for  each  fuel  filter 

4.  Low  fuel-inlet  pressure  warning  for  each  engine 

5.  indicator  lights  for  electrically  operated  fuel 
shutoff  vaives. 

As  additional  auxiliary  fuel  systems  are  added,  ap- 
propriate controls  and  instrumentation  shsl!  be  pro- 
vided. 

3-4.3  TESTING 

Substantiating  the  capability  of  the  fuei  system  to 
fulfill  its  functional  requirements  during  ail  phases  of 
aircraft  operation  is  required  by  MiL-F-38363.  Such 
verification  shall  occur  in  three  phases: 

1.  Component  testing 

2.  Fuel  system  simulator  testing 

3.  Ground  and  flight  testing. 
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In  addition  to  testing  the  complete  fuel  subsystem,  all 
j components  must  be  qualified  in  accordance  with 
MIL-F-8615.  and  must  be  so  qualified  or  have  passed 
l safety  of  flight  tests  approved  by  the  procuring  aclivi- 
| - ty  before  ground  and  flight  tests  arc  conducted.  Fuel 
subsystem  demonstration  requirements  are  described 
j in  Chapter  9.  AMCP  706-203. 

3-5  LUBRICATION  SUBSYSTEM 

1 Engine  lubrication  subsystems  may  be  an  integral 

part  of  the  engine,  thereby  eliminating  various  con- 
i ncctions  to  the  airframe  and  conditions  that  may  lead 
to  oil  contamination  when  changing  engines.  Lubri- 
cation oil  may  be  contained  in  an  engine-mounted  oil 
tank  and  cooled  by  a heat  exchanger. 

Engines  lacking  an  integral  lubrication  subsystem 
require  the  addition  of  an  oil  reservoir,  lines,  instru- 
mentation. and  a cooler  — if  an  engine  heat  ex- 
changer is  not  available  — to  cool  the  oil.  Airframe- 
mounted  oil  reservoirs  shall  not  be  located  in  the 
engine  compartment. 

A lubrication  subsystem  integral  to  the  engine  will 
have  been  tested  completely  during  engine  qualifica- 
tion. Component  testing  of  nonintegral  subsystems 
will  be  necessary  in  accordance  with  MIL-O-19838  to 
substantiate  proper  rates  of  oil  flow,  pressure,  tem- 
perature. and  deaeration.  Engine  lubrication  sub- 
system demonstration  requirements  are  specified  in 
Chapter  9,  AMCP  706-203. 

3-6  COMPARTMENT  COOLING 

Airflow  through  the  engine  compartment  is  re- 
quired to  prevent  the  engine;  engine-mounted  acces- 
sories; other  components,  equipment,  or  fluids  within 
the  compartment;  and/or  surrounding  structure  from 
exceeding  maximum  allowable  temperature  limits. 
The  maximum  allowable  temperatures  normally  will 
be  given  in  the  applicable  engine  or  equipment  speci- 
fication but  additional  limits  may  be  prescribed  by 
the  system  specification.  Temperatures  must  be  kept 
below  the  allowable  limits  under  all  operating  condi- 
tions, both  ground  >»nd  flight,  prescribed  for  the  heli- 
copter for  all  ambient  air  conditions  between  the  hot 
and  cold  atmospheres  (temperature  as  functions  of 
attitude)  given  as  limits  by  the  system  specification. 
Further,  the  maximum  compartment  or  component 
temperature  limits  shall  ml  be  exceeded  following 
engine  shutdown  from  any  operating  condition  with 
I ambient  air  conditions  anywhere  within  the  pre- 
scribed limits. 

Heat  rejection  requirements  for  the  engine  and  its 
components  will  be  provided  by  the  engine  specifica- 
tion. The  amounts  of  heat  rejected  by  other  acces- 
sories or  equipment  installed  within  the  engine  corn- 


p.irlmeii!  may  be  provided  in  the  applicable  equip- 
men!  -.pecfic.itions  In  the  case  of  transmissions  and 
gearboxes,  developed  by  the  helicopter  manufac- 
turer. the  heat  rejection  rate  must  be  calculated, 
based  on  design  values  for  gear-mesh  and  bearing 
efficiencies,  and  later  confirmed  by  test  (see  Chapter 
4)  When  the  heat  rejection  rales  arc  known,  surface 
temperatures  of  individual  heat-producing  compo- 
nents can  be  calculated  on  the  basis  of  free  air  con- 
vection ai  the  surface.  Ref  4 contains  a section  which 
treats  each  of  the  fundamental  heal  transfer  mecha- 
nisms — i.e.,  conduction,  convection,  and  radiation 
— in  considerable  detail.  The  equations  and  calcu- 
lation procedures  for  both  steady-state  and  transient 
heat  transfer  problems  arc  given,  together  with  tables 
and  charts  of  values  of  the  physical  properties  of  ma- 
terials needed  in  the  calculations.  Should  the  infor- 
mation be  inadequate  for  a given  problem,  an  exten- 
sive list  of  references  also  is  provided. 

The  quantity  of  cooling  airflow  required  for 
adequate  cooling  of  the  engine  compartment  also 
must  be  determined  analytically  by  heat-transfer  cal- 
culations. This  flow  usually  must  be  obtained  by 
forced  convection  during  operation  of  the  engine, 
with  the  residual  heat  remaining  at  shutdown  being 
dissipated  by  free  convection.  The  calculation  of  heal 
balance  within  the  compartment  is  complex,  with 
consideration  of  all  three  heat-transfer  mechanisms 
being  required.  In  the  design  of  the  cooling  sub- 
system. it  is  necessary  to  assure  that  the  airflow  over 
large  surfaces  such  as  the  engine  is  such  that  the 
temperatures  are  approximately  uniform.  Large 
temperature  differentials  can  result  in  differential  ex- 
pansion and  hence  warping  of  the  engine  case.  Such  a 
condition,  which  can  cause  excessive  loads  on  engine 
bearings  and  hence  premature  engine  failure,  must  be 
avoided. 

As  mentioned  in  par.  3-2.6. 1,  an  engine  exhaust 
ejector  is  a convenient  means  for  pumping  compart- 
ment cooling  air  during  operation.  The  design  of  an 
ejector  cooling  system  shall  be  coordinated  with  the 
design  of  the  engine  exhaust  system,  with  care  being 
taken  that  the  installation  does  not  cause  excessive 
power  loss  or  adversely  affect  engine  operation  by- 
producing  an  unacceptably  high  pressure  at  the 
engine  exhaust.  In  any  case,  the  engine  exhaust 
system  shall  meet  the  requirements  given  in  par.  3-2.6 
(this  handbook)  and  Chapter  8,  AMCP  706-201.  Pro- 
cedures for  the  design  of  an  ejector,  or  jet  pump,  arc 
given  in  Ref.  4.  For  additional  ejector  design  infor- 
mation see  "Performance  of  Low  Pressure  Ratio 
Ejectors  Tor  Engine  Nacelle  Cooling",  AIR  1191, 
Society  of  Automotive  Engineers,  November  1971. 
Procedures  for  design,  including  determination  of  the 
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power  nqviitnwu  for  (mm  abo  Me  |iv«i  in  Ref.  4. 

Compliance  of  tke  engine  compartment  ciwlim 
tuteyttem  mutt  be  damonMrated  by  tot.  la  addrtio* 
lo  tlic  otter  temperature  itmte.  aM  Mvfacec  «• 
eroding  400*  K jfarf  be  protected  from  fuel  apilfa^e. 
Tbit  can  be  icpantp'iated  by  um  of  drip  fcaoa  or  by 
coolini  tbc  ttirfaom  lo  a temperature  below  400* F. 
The  nequirenunm  for  a proputeon  lyttem  mapera- 
turc  rorvey  awpmt  ia  Chapter  I.  AMCP  706-203.  A 
propuhiioa  system  temperature  demonstration, 
described  m Chapter  9 of  AMCP  >04-203.  may 
require  further  letting  ia  addition  to  the  temperature 
survey. 
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Helicopter  design  requirements  result  in  minim  um 
engine  accessory  drive  requirements.  Except  for  the 
engine  starter  and  tachometers,  most  accessories  are 
driven  directly  from  the  main  gearbox.  This  n to  lake 
advantage  of  the  ability  of  the  helicopter  to  autoro- 
latc  in  the  event  of  engine  failure  If  engine  failure  oc- 
curs. accessory  power  does  not  fail  because  the  main 
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lotion  of  helicopter  accessories  is  discussed  in 
Chapter  4. 

34  AUXILIARY  POWER  UNITS 
(APIT*#) 


34,1  GENERAL 

The  requirement  for  an  APU  will  be  established 
during  preliminary  design.  The  paragraph  describes 
design  and  installation  requirements  for  APU's  and 
refers  to  pertinent  qualification  requirements. 

Emphasis  is  placed  upon  the  single-shaft  APU  con- 
figuration becau’e  of  its  wide  use.  Due  to  the  trend  in 
helicopter  design  toward  such  items  as  pneumatic 
main-engine  starting,  air  conditioning,  avionic 
cooling,  IR  radiation  suppression,  purging  of  main 
engine  inlet-proiection  systems,  air  supply  for  anti- 
icing. and  the  availability  of  air-driven  accessory 
motors  (boost  pumps,  etc.)  additional  emphasis  is 
placed  upon  the  bleed  sir  type  of  APU.  New  helicop- 
ter designs  have  favored  this  type  because  of  lower 
overall  system  weight,  despite  the  lower  energy-trans- 
mission efficiency  of  the  pneumatic  main  engine- 
starting system.  The  bleed  air  type  of  APU  usually  in- 
corporates an  integral  gearbox  capable  of  driving 
small  electrical  generators  and  pumps  and,  therefore, 
provides  emergency  system  power  of  all  types. 

^ Several  APU  configurations  can  be  selected  to 
' supply  pneumatic  powet  (combined  with  small 
amounts  of  shaft  power).  Four  configurations  arc 
compared  in  Table  3-1  as  to  geometric  shape,  weight. 


coat,  and  rohabtitty.  Selection  of  coofiguralton  based 
upon  shape  will  depend  upon  helicopter  space  avail- 
able. Weight  and  volume  arc  comparable,  but  cosh 
reliability,  maintainability,  and  life  cycle  costs  fsvo, 
the  single-shaft  combination  bleed  APU  type. 
Modem  sutgir -stage  centrifugal  compressors  can 
produce  4 0: 1 and  higher  pressure  ratios  with  a wide 
range  of  Row  between  choke  and  stall. 

Although  the  driven  compressor  may  product 
higher  pressures,  variable  inlet  guide  vanes  or  dif- 
fuser vanes  may  be  necessary  to  obtain  the  required 
flow  range. 

34J  APU  INSTALLATION  DETAILS 

In  considering  the  detail  design  for  insialintion  of 
the  APU.  all  interfaces  with  the  hdn. jptcr  shall  be 
treated.  These  include  APU  mounting;  inlet,  exhnust 
and  bleed  air  ducting;  compartment  cooling,  and  ap- 
propriate APU  subsystems 

34X1  MuWtfMtanig 

The  APU  mounting  subsystem  shall  be  capable  of 
withstanding  all  flight  maneuver  forces,  providing  for 
therm—,  growril..  ssol— tmg  vrbr— iron  ( * her.  required), 
and  being  arranged  Tor  ease  of  maintenance  (especial- 
ly for  rapid  installation  and  removal). 

Driven  equipment  usually  is  APU-moumcd.  thus 
removing  the  problem  of  alignment.  In  some  cases, 
however,  a straight-through  external  drive  shaft  is 
used  to  transmit  shaft  power  into  an  auxiliary  or 
combining  gearbox.  In  such  cases,  a flexible  coupling 
must  be  provided. 

The  APU  often  can  be  supported  rigidly.  This  is 
done  conveniently  by  means  of  a three-point  support 
arrangement.  Two  pin-type  mounts  on  each  side  of 
the  APU  limit  vertical,  axial,  and  horizontal  motion, 
but  provide  lateral  freedom  for  thermal  expansion.  A 
single  gimbal  then  is  used  to  support  vertical  loads, 
while  giving  thermal  freedom  radially  and  axially. 

In  most  helicopter  applications,  vibration  isolation 
has  not  been  required  because  the  APU  is  able  to 
withstand  flight  loads  and  vibrations  without  shock 
mounts.  Experience  has  shown  that  frequencies  up  to 
500  Hz  are  significant,  but  that  APU  susceptibility  is 
highest  from  5 to  100  Hz.  The  APU  must  be  capable 
of  withstanding  the  complete  aircraft  vibration  spec- 
trum in  both  operating  and  nonoperating  modes. 
When  the  APU  is  not  operating,  normal  loads  are  not 
available  to  stabilize  parts  in  position  Hence,  it  is 
possible  for  external  vibration  to  cause  unusual  mo- 
tion of  internal  parts,  thus  resulting  in  excessive  wear 
and  premature  failures.  APU  components  of  par- 
ticular interest  in  this  regard  are  the  combustor  liner 
assemblies,  the  aerodynamically  located  internal 
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TABLE  3-1 

A PL  TYPES  FOR  MAIN  ENGINE  STARTING  ENVIRONMENTAL  CONTROL, 

AND  ELECTRICAL  SUPPLY 


SINGLE-SHAFT 

COMBINATION 

BLEED 

SINGLE-SHAFT 

DRIVEN 

COMPRESSOR 

SINGLE-SHAFT 
COMBINATION 
BLEED -F  TORQUE 
CONVERTER 

TWO-SHAFT 
PT  DRIVEN 
COMPRESSOR 

m 

rs 

c 

XI 

T 

& 

< 

N, 

JL 

K 

.Si 

LJ 

X 

_L 

'V- 

c 

X 

J 

x 

T 

N 

si 

S 

C 

X 

i 

T PT  ■ C -S 

n» 

ECS-1 

LM“ 

r 

wv 

' EC 

AT 

X 

S 

S 

x 

.EC 

r-  i 

L 1 

t 

d 

AAA. 

LENGTH 

100% 

107% 

110% 

110% 

DIAMETER 

I 00°o 

85% 

i 00% 

84% 

WEIGHT 

100% 

97% 

100% 

100% 

COST 

100°, 

125% 

125% 

160% 

RELIABILITY 

100% 

91% 

70% 

73% 

C- COMPRESSOR  ATS- A IR  TURBINE  STARTER 

T- TURBINE  PT- POWER  TURBINE 

ECS- ENVIRONMENTAL  'V-ALTERNATOR 

CONTROL  SYSTEM  S-STARTER 


seals,  Ihc  gear  train,  and  the  nonpreloaded  bearing 
assemblies.  Because  some  installations  do  not  require 
airborne  APU  operation,  considerable  time  nia>  be 
accumulated  in  this  nonoperating  mode. 

In  addition  to  the  requirements  of  MIL-P-8A86.  the 
A PL  qualification  test  .'hall  include  vibration  tests  in 
operating  and  nonoperating  modes,  These  ..hall  be  es- 
tablished based  upon  the  vibration  spectrum  at  the 
APU  mounting  points  and  not  merely  upon  the  fre- 
quencies of  the  main  rotors. 

The  trend  in  maintenance  philosophy  is  toward 
minimum  scheduled  maintenance  of  the  APU,  hut 
with  the  design  adapted  for  rapid  APU  removal  in 
case  of  malfunction.  Hence,  quick-removal  con- 
nections shall  be  used,  with  airframe  components  and 
support  structures  arranged  so  that  the  unit  can  be 
removed  without  removal  of  other  equipment 

Minimum  system  weight  usually  will  dictate  that 
the  APU  should  be  located  near  the  main  engines.  A 
multiengine  aircraft,  with  air  ducting  required  to  siart 
each  engine,  suggests  a submerged  APU  position  for 
minimum  weight  Pod  or  surface  locations  can  be 
used  when  fuselage  space  is  critically  limited.  Also  to 
be  considered  is  the  advantage  cf  a minimum  length 

3-16 


of  high-temperaiure  exhaust  ducting,  even  with  some 
sacrifice  in  inlet  or  bleed  duct  lengths. 

3-S.2.2  Inlet  Ducting 

An  inlet  air  collector  or  muff  often  is  designed  and 
provided  by  the  APU  manufacturer.  The  airframe 
ducting  then  runs  between  the  fuselage  surface  and 
ihv-  collector  connection.  Ducting  pressure  losses  will 
affect  APU  available  power  directly.  A typical  rela- 
tionship is  illustrated  in  Fig.  3-6.  For  any  output 
shaft  power  level,  a correction  factor  is  given  showing 
the  power  loss  for  each  unit  of  pressure  loss  in  the  air- 
frame ducting.  Values  are  given  for  both  inlet  and  ex- 
haust losses.  The  APU  manufacturer  may  prescribe 
limits  on  these  losses  in  a form  such  as  is  shown  in 
Fig.  3-7.  If  the  sum  of  inlet  and  exhaust  losses  falls 
below  the  curve,  the  requirements  have  been  met. 

The  APU  air  collector  design  may  be  critical,  es- 
pecially when  transsonic  compressors  are  used.  Entry 
conditions  to  the  inducer  will  have  important  effects 
on  compressor  efficiency.  Collector  design  can  be 
compromised  by  the  location  of  accessories,  but  an 
attempt  should  be  made  to  maintain  » uniform  total 
pressure  distribution  around  the  compressor  inlet. 
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FUEL  FLOW  PARAMETER  CORRECTION: 
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FUEL  FLOW  PARAMETER  CORRECTED  FOR  INLET  LOSS  . Ib/hr 
FUa  FLOW  PARAMETER  WITH  ZERO  LOSSES . Ib/hr 
AMBIENT  PRESSURE,  psia 
INLET  PRESSURE  LOSS,  in.  H20 

V147 


OUTPUT  POWER  PARAMETER  WITH  ZERO  INLET  & EXHAUST  LOSSES,  hp/6,  hp 


Figure  3-6.  F irlvnuincr  Corrections  for  Duct  Losses 


Figure  3-7.  Allowable  Combined  Inlet  and  Exhaust 
Duct  Pressure  Losses 

possibly  stabilized  end  directed  by  splitters  or  baffles. 
The  APU  will  have  channels  to  provide  cont tolled  ac- 
celeration of  air  from  the  collector  ini  j the  inducer 


\ 


inlet.  The  airframe  ducting  should  include  a straight 
section  of  several  diameters  in  length  leading  into  the 
APU  collector.  This  will  reduce  the  effects  of  ram  air 
stratification  and  cavitation  in  the  ducting. 

If  a device  is  incorporated  to  protect  the  inlet 
against  dust  or  foreign  object  damage  (FOD).  this 
may  affect  the  velocity  profile  and  the  resultant  pres- 
sure losses  must  be  coordinated  with  the  APU  manu- 
facturer so  that  model  specification  performance  is 
maintained.  One  technique  is  to  use  directional 
changes  of  the  total  duct  system  for  separation  of 
larger  particles  (>200  microns). 

At<  intake  screen  shall  be  used  for  FOD  pro- 
tection. This  may  be  located  at  fuselage  entry.  APU 
collector  entry,  or  compressor  entiy.  The  discussion 
of  the  engine  air  induction  subsystem  in  par.  3-2.5  is 
equally  applicant  to  the  APU  inlet. 


3-6.22  Exhaust  Ducting 

Exhaust  ducting  design  will  be  related  tc  AP'J 
compartment  cooling  arrangements.  The  gas-exii  ve- 
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locity  can  be  used  as  the  primary  jet  for  an  ejector. 
Secondary  air  is  taken  from  the  APU  compartment. 
Also,  the  ducting  is  a substantial  heat  source  and 
should  be  located  to  minimize  effects  on  compart- 
ment temperature. 

If  compartment  ventilation  must  be  limited  due  to 
fire  hazards,  high-temperature  bellows  car,  be  used  to 
seal  ducting.  Also  IR  radiation  suppression  may  be 
needed  for  the  APU  exhaust.  Compartment  and  duel 
cooling  methods  used  on  the  main  engines  will  apply 
equally  here  and  are  discussed  in  pars.  3-2.6  and  3-6. 

3-S.2.4  APU  Bleed  Air  Ducting 

In  the  case  of  a bleed  air  type  of  APU,  a collector 
arrangement  will  be  integral  with  the  unit.  The  APU 
control  valve  can  be  mounted  directly  on  the  APU 
bleed  collector  flange.  If  installation  space  limita- 
tions exist,  or  valve  weight  will  overload  the  APU 
flange,  the  valve  may  be  line-mounted. 

A flexible  bellows  cun  be  used  to  minimize  flange 
loads,  thus  accommodating  vibration,  thermal 
growth,  and  installation  tolerances.  A quick- 
disconncct  type  of  connection  is  desirable  for  main- 
tainability. Attention  must  be  paid  to  duct  pressure 
loads.  APU  model  specification  performance  is  based 
on  pressure,  flow,  and  temperature  at  the  APU  bleed 
collector  flange. 

3-8.2.S  Cooling 

Surface  temperature  limits  will  be  specified  in  the 
model  specification.  During  APU  operation,  the 
compartment  cooling  system  shall  cool  the  compart- 
ment adequately.  Temperature  transients  should  not 
exceed  the  limits  specified  in  the  model  specification. 

APU  firewalls  are  identical  to  the  main  engine 
requirements  discussed  in  par.  3-2.4. 

The  reduction  drive,  accessories,  and  lubrication 
system  represent  a considerable  heal  source.  Heat  can 
be  dissipated  into  compressor  inlet  air  or  into  the 
APU  compaitmcnt.  An  oil  (to  air)  cooler  may  be 
needed  to  maintain  system  oil  temperatures  within 
* acceptaole  limits. 

A typical  small  bleed  air  APU  may  reject  about  ISO 
Btu/m:n  to  the  lubrication  system  at  sea  level  pres- 
sure and  I30°F.  An  exhaust  ejector  could  provide  a 
cooling  airflow  rate  of  about  5 lb/  min.  Compartment 
cooling  is  discussed  further  in  par.  3-6. 

3-83  APU  SUBSYSTEMS 

inasmuch  as  APU  subsystems  at;  similar  to  those 
previously  discus^J  in  this  chapter  for  the  main 
eugine(s),  the  paragraphs  that  follow  discuss  only 
those  characteristics  peculiar  to  the  APU. 

3-83.1  Electrical  Controls 

APU  electrical  contiois  are  categorized  as  se- 
quencing. protective,  and  ioad,  or  output,  controls. 
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Some  components  arc  APU-mounted  and  others  arc 
airframe-mounted.  Electrical  power  to  activate  the 
system  may  be  provided  by  the  aircraft  system  or  by 
an  APU-drivcn  generator.  APU  controls  shall  be 
qualified  concurrently  with  qualification  of  the  APU 
in  accordance  with  MIL-P-8686. 

3-8.3. 1. 1 Sequencing  Controls 

The  most  advanced  APU  sequencing. is  done  with 
solid-state  electrical  equipment.  A speed  signal  is  ob- 
tained from  the  gearbox  or  power  section  by  mcam; 
of  a frequency  signal  from  a magnetic  pickup,  ta- 
chometer generator,  output  alternator,  or  mech- 
anical speed  switch.  A frequency-sensitive  sequencer 
then  actuates  relays  for  starting  and  APU  accelera- 
tion. 

The  start  is  initiated  by  a switch  that  actuates  the 
APU  starling  system.  This  may  be  electrical  or  hy- 
draulic (par.  3-83.5).  The  APU  will  begin  rotation 
without  fuel  or  ignition  to  provide  a momentary  air 
purge  of  the  air  and  gas  passages.  Fuel  and  ignition 
subsystems  must  be  actuated  at  the  lowest  possible 
speed,  perhaps  5%  or  below,  to  insure  good  starts  at 
both  cold  and  hot  extremes  of  ambient  temperature. 
Actuation  can  be  accomplirhed  bv  a fuel  pressure 
switch,  a time  delay  relay,  or  a speed  signal.  Some 
combustion  systems  require  separate  start  and  mein 
(or  run)  fuel  systems.  At  10-20%  speed,  the  main  fuel 
valve  will  be  opened.  A third  speed  point  can  be  used 
to  turn  off  the  starter.  At  approximately  90%  speed, 
start  fuel  and  ignition  will  be  turned  off.  This  signal, 
with  a time  delay  relay,  also  can  arm  the  aircraft  load 
circuits.  A fifth  sequencing  point  at  1 10%  speed  pro- 
vides for  protective  shutdown. 

3-8.3.1. 2 Protective  Controls 

Protective  controls  are  required  to  confine  mal- 
functions to  the  APU  and,  thereby,  to  protect  the 
helicopter. 

Protective  devices  may  include  overspeed,  exhaust 
overtemperature,  and  compartment  overtempera- 
ture  subsystems.  A simple  thermocouple  sensor  in  the 
APU  tailpipe,  feeding  to  the  solid-state  circuit  con- 
trol (sequencer),  provides  APU  overtemperature  pro- 
tection. Similarly,  thermocouples  within  the  com- 
partment can  signal  the  sequencer  as  fire  protection. 

Built-in  test  equipment  should  be  used  only  to  the 
extent  necessary  to  indicate  an  APU  failure.  In- 
dicating lights  shall  be  used  for  pilot  advisory  pur- 
poses. Audio  annunciators  can  be  adapted  for  the 
APU  if  desired. 

3-83. 1 3 Output  Controls 

The  electr’  -I  load-control  circuit  usually  is  armed 
by  the  90%  ,ed  sequencing  point  and  a time  delay 
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relay.  Acceleration  is  rapid  from  90  to  100%  speed  for 
most  shaft  power  APU's  (I  sec  or  less).  The  bleed  air 
APU,  however,  may  have  a bypass  fuel  valve  to 
reduce  the  acceleration  tine  between  90  and  100% 
(about  4 sec).  The  bleed  air  APU  may  use  a load- 
control  valve  to  regulate  bleed  air  as  a function  of  ex- 
haust gas  temperature.  A thermocouple  in  the  APU 
tailpipe  can  signal  a solid-state  circuit  componert, 
which,  in  turn,  gives  a modulating  signal  to  the  load- 
control  valve.  1 he  valve  will  open  so  that  maximum 
continuous  exhaust  gas  temperature  is  maintained. 
Thus,  maximum  bleed  air  available  from  the  engine  is 
obtained.  Large  shaft  power  requirements  require 
careful  examination  of  transient  operation,  because  a 
rapid  response  may  be  needed  to  avoid  overtempera- 
ture  shutdown.  If  the  compressor  is  marginal  on 
stability,  the  load  control  valve  may  be  scheduled  to 
bleed  small  amounts  of  air  during  transients  to  pre- 
vent compressor  stall. 

Output  load  controls  for  electrical,  hydraulic,  or 
direct  shaft  power  arc  regulated  by  aircraft  system 
components. 

3-8J.J.4  Electrical  Control  Location 

APU- mounted  control  components  include  all 
driven  equipment:  sensors  for  temperature,  pressure, 
and  speed,  valves  and  ignition  components,  and  other 
control  components  capable  of  withstanding  com- 
partment temperatures.  Solid-state  sequencing  con- 
trols. power  supply,  load-control  valve  controls, 
miniaturized  relays,  and  malfunction  indicators  shall 
be  airframc-m<  up. ted  so  as  to  InAit  temperature  to 
200° (•'  cr  below.  If  required,  some  of  these  compo- 
nents can  be  mounted  on  >hc  air  inlet  collector  or 
other  ducting  where  temperatures  can  be  limited  by 
heat  transfer  to  incoming  air. 

5-8.3. 1.5  Electrical  Power  Requirements 

If  the  aircraft  can  provide  small  amounts  of  electri- 
cal power,  the  APU  system  is  simplified.  About  4 A, 
24  V is  adequate  to  operate  most  APU  relay  systems. 
Battery  systems  suffer  from  ambient  temperature 
limitations  in  that  the  battery  must  be  kepi  warm 
(0°F  or  above)  to  permit  the  -65CF  APU  starts 
required  by  MIL-P-8686. 

If  no  batteries  arc  available  an  APU-drivcn  igni- 
tion and  control  generator  can  supply  start  and  run 
sequencing  power.  Such  a system  requires  a stored- 
energy  APU  start,  such  as  hydraulic  or  pneumatic. 
Voltage  buildup  must  be  very  rapid  so  that  system  se- 
quencing can  begin  early  (5%)  to  achieve  low  self-sus- 
taining speed  and  good  cold  starting. 

3-8J.2  Fu«!  System  Controls 

The  APU  fuel  system  controls  must  provide  for 
automatic  starting,  acceleration,  and  rated  speed 


governing  throughout  the  operating  envelope  defined 
in  the  model  specification. 

Techniques  for  scheduling  fuel  muy  be  mechani- 
c<  i,  electronic,  or  fluidic.  The  electronic  system  is  at- 
tractive when  multiple-sensing  inputs  for  precise 
speed  control,  protective  circuits,  etc.,  are  required. 
In  most  cases,  however,  the  APU  system  require- 
ments are  simple  ar.d  are  handled  best  by  a mechani- 
cal governor  with  acceleration  fuel  flow  scheduled  by 
compressor  discharge  pressure. 

The  APU  fuel  system  consists  of  the  fuel  supply 
(common  with  the  main  engine(s) ),  airframe- 
mounted  boost  pump,  and  fuel  lines  (with  shutoff 
and  check  valves)  connected  to  the  APU.  An  inlet 
filter  of  large  capacity,  but  small  micron  rating,  pro- 
vides elern  fuel  at  the  APU  fuel  pump. 

3-&J.2.1  Ruled  Speed  Governing 

The  APU  speed-regulation  requirements  generally 
are  satisfied  by  droop  governing,  as  explained  for  the 
main  engine  in  Chapter  8,  AMCP  706-201.  A speed 
band  (droop)  of  2-4%  through  the  load  range  is 
adequate  for  frequency  control  at  400  Hz  AC  power. 

Provided  bleed  airflow  and  pressure  requirements 
are  met,  the  speed  band  is  not  critical  for  a bleed  air 
APU.  Speed  recovery  and  stability  will  be  specified  in 
the  APU  model  specification.  II  required,  isochro- 
nous governing  to  hold  speed  within  a narrow  band 
(±0.25%)  can  be  accomplished  by  a null  system.  Top- 
ping speed  adjustments  should  be  provided  to  ac- 
count for  installation  differences  and  deterioration  of 
the  efficiency  of  the  APU  or  driven  equipment 
between  overhauls. 

3-8.3.1.2  Filtering  Requirement' 

Filtering  has  been  a problem  on  some  military  heli- 
copter installations.  Combat  situations  have  resulted 
in  fuel  contamination  beyond  original  expectations. 
Servicing  oi  components  in  the  field  also  can  intro- 
duce contamination,  which  must  be  considered. 

To  keep  required  maintenance  at  a minimum. 
APU  filters  should  be  of  extra-large  capacity,  or  of 
self-purging  configuration.  A high  percentage  of  fuel 
control,  valve,  and  nozzle  failures  results  from  con- 
tamination damage.  Sources  of  contamination  in- 
clude line  or  component  contamination  during  ser- 
vicing and  wear  products  generated  internally  in 
pumps  and  moving  parts. 

Screens  or  micronic  filters  shall  be  placed  at  vu  ve 
and  nozzle  enliances  to  prevent  passage  of  panicles 
left  during  assembly,  installation,  or  field  mainte- 
nance. APU  fuel  pump  inlet  and  outlet  filters  shall  be 
standard  equipment  and  of  the  throwaway  type.  The 
rated  micron  size  of  filters  should  be  as  large  as  possi- 


ble,  considering  orifices  and  jet  and  internal  toler- 
ances, so  that  capacity  requirements  can  be  reduced. 
3-8 .3 .3  APU  Lubrication  Subsystem 

The  lubrication  subsystem  generally  is  self- 
contained  within  the  APU,  unless  an  externa!  oil 
cooler  is  required.  The  trend  is  toward  a completely 
sealed  oil  system  requiring  no  scheduled  mainte- 
nance. Filters  are  included  internally  and,  with 
current  units,  are  serviced  at  specified  intervals.  With 
adequate  seals  and  filtering  of  buffer  air  (if  used), 
external  contamination  virtually  can  be  eliminated. 
Slightly  larger  filters,  with  bypass  valves,  should 
eliminate  the  need  for  change  between  overhauls.  Oil 
consumption  rates  generally  are  low  enough  so  that 
oil  level  .checks  may  be  eliminated  for  long  periods. 

As  with  fuel  subsystems,  field  maintenance  of  APU 
lubrication  systems  introduces  more  problems  than  it 
solves.  Reliability  factors  for  lubrication  pumps, 
filters,  relief  valves,  and  jet  or  mist  supply  systems  are 
high. 

Altitude  operating  requirements  are  defied  in  the 
APU  model  specification.  Maximum  temperature 
limits  also  are  specified  in  the  APU  model  specifica- 
tion. 

Qualification  testing  of  the  lubrication  system  is 
concurrent  with  APU  qualification  in  accordance 
with  MIL- P-8686. 

3-8J.4  APU  Reduction  Drive 

The  APU-reduction-drive  design  is  established 
primarily  by  the  driven  equipment  and  accessories 
required.  The  bleed  air  APU  usually  is  designed  to 
deliver  a small  percentage  of  its  total  output  shaft 
horsepower.  Drive  pads  will  be  provided  for  fuel  con- 
trols, control  generators  (if  needed),  and  all  driven 
accessories  such  as  electrical  generators  and  hydraul- 
ic pumps. 

The  turbine  nozzle  and  diffuser  matching  within 
the  APU  can  be  changed  to  trade  off  shaft  power 
capability  for  bleed  performance  within  the  limits  of 
stall.  For  the  shaft  horsepower  APU,  output  may  be 
concentrated  at  one  or  two  larger  pads.  If  APU 
power  is  applied  directly  into  an  aircraft  combining 
gearbox,  fewer  APU  pads  will  be  needed.  In  this  case, 
required  helicopter  accessory  outputs  can  be  ob- 
tained from  the  auxiliary  gearbox. 

3-8.3.5  APU  Sti  ?«ng 

The  APU  starting  subsystem  shall  be  fully  auto- 
matic, using  the  sequencing  systems  previously 
described.  The  starter  energy  level  must  exceed  the 
APU  drag  (resistive)  torque  by  sufficient  margin  to 
provide  the  required  acceleration.  The  starting  torque 
requirements  will  be  described  in  the  APU  model 
specification. 


Electrical  starting  is  satisfactory  if  starter  and 
battery  energy  levels  are  chosen  properly.  The 
minimum-weight  subsystem  requires  the  smallest 
battery  consistent  with  adequate  breakaway  torque, 
including  consideration  of  initial  voltage  drop.  This 
will  result  in  a longer  starting  time  to  rated  speed  (13 
to  20  sec),  but  battery  is  adequate  to  provide  some 
torque  to  very  high  speeds  (80-90%).  The  basic  limi- 
tation is  that  cold-day  starting  (-6S°F)  is  not  practi- 
cable without  warm  and  oversized  batteries.  It  will  be 
found  that  when  APU  size  increases  above  300  hp, 
battery  size  becomes  excessive.  Also,  the  slower  start 
makes  the  APU  more  sensitive  to  the  fuel  accelera- 
tion schedule.  Achieving  successful  starts  at  both 
-65°F  and  + 130°F  without  adjustments  may 
require  a compensation  mechanism. 

The  hydraulic  method  of  APU  starting  is  satisfac- 
tory, especially  when  -65°F  starting  is  required.  Hy- 
draulic starter  motors  should  be  sized  for  high  initial 
torque  to  give  rapid  acceleration.  This  will  tend  to 
result  in  a lower  accumulator  volume  requirement, 
and  to  reduce  sensitivity  to  fuel  schedule  variations. 
A typical  subsystem  will  have  an  initial  cranking 
torque  of  30%  more  than  the  highest  APU  resistive 
torque.  Ideally,  the  motor  should  incorporate  an 
overrunning  clutch  so  that  no  drag  is  induced  onto 
the  APU  when  accumulator  fluid  is  expended. 
During  -65°F  starting,  the  APU  may  self-sustein  at 
40-50%  speed.  A few  foot-pounds  of  dr.ig  from  a 
motor  can  necessitate  additional  accumulator  volume 
so  that  starting  torque  continues  to  55  or  60%  speed. 

As  previously  discussed,  hydraulic  starting  can  be 
arranged  by  using  a battery  for  control  power  or  by 
incorporation  of  an  APU-driven  ignition  and  control 
(permanent  magnet)  generator. 

3-8.4  RELIABILITY 

Reliability  characteristics  are  specified  in  the  ATti 
model  specification.  For  helicopters  using  the  APU 
for  inflight  emergency  power,  starting  reliability  is  of 
major  importance.  Typical  requirements  for  APU 
starting  failure  rates  are  shown  in  Table  3-2. 


TABLE  3-2 
APU  RELIABILITY 


NUMBER  OF  STARTS 
0-500 

ALLOWABLE  FAILURES 
0 

501-775 

1 

776-1050 

2 

1051-1390 

3 
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APU  operating  life  majr  be  demonstrated  to  my 
given  model  specification  requirement.  A test  plan 
may  be  chosen  from  MIl-SH  D-781 . Typically,  if  a 
mean  time  between  failures  (MTBF)  of  1500  hr  is 
specified,  a test  with  seven  APU'c,  each  operated  to 
300  hr  without  failure,  would  be  recommended 
Othci  combinations  of  run  time  and  number  ot 
engines  may  be  chosen,  e g.,  three  APU's  with  each 
i aiming  750  hr  without  a relevant  failure 

High  installed  reliability  can  be  obtained  by  spcci 
fying  a time  between  overhauls  (TBO)  dose  to  the 
specified  MTBF.  However,  this  results  in  a con- 
siderably higher  life-cycle  operating  cost.  Lc  west  cost 
is  obtained  by  using  the  remove  for  failure  (RFF) 
philosophy,  wheu  APU’s  are  repaired  or  removed 
only  in  event  of  a malfunction. 

A failure  mode  and  effect  analysis  (FMEA)  for  the 
APU  shall  be  specified  to  show  the  consequences  ol 
each  probab.c  ii  ilurr.  This  will  assist  in  reliability 
prediction,  choice  of  scheduled  maintenance  inter- 
vals, and  the  determination  of  RFF  versus  TBO  phi- 
losophies. 

Several  problem  areas  have  been  experienced  by 
operation  of  the  APU  in  the  helicopter.  These  aceas 
inoude  vibration,  recirculation  of  exhaust  g*r<s, 
FOD,  etc.  They  point  up  Lhe  importance  of  careful 
delineation,  in  the  quality  assurance  provisions  of  the 
API!  model  s-pecification,  of  design  and  test  con- 
ditions that  simulate  the  helicopter  environment. 

The  vibration  environment  is  primary.  The  profile 
of  amplitude  and  frequencies  at  the  APU  installation 
must  be  defined.  The  amplitude  and  frequencies  of 
the  APU-gencrated  vibration  also  should  be  speci- 
fied to  anticipate  airframe  structural  problems. 

APU  air  inlet  temperature  limits  arc  specified,  and 
the  APU  installation  must  be  designed  to  prevent  re- 
circulation of  main  engine  or  APU  exhaust  gas. 
Cartful  attention  must  be  given  tc  thi.<  problem 
because  it  is  impractical  so  attempt  to  limit  heiicop 
ter  operation  in  undesirable  wind  directions,  Irlet 
duct  locations  either  mutt  be  remote  ftom  exhaust 
outlets,  or  safety  shutdown  sensors  must  be  pro- 
vided. 

Similar  arguments  apply  concerning  FOD,  sand, 
or  dust  ingestion.  GenettSly,  high  inlet  duct  locatiors 
are  preferable  because  conceal  ration  t f dust  in  hover 
is  stratified  vertically. 

M any  APU  service  problems  car.  be  traced  to  fuel 
system  components.  Some  of  these  re  Ut  from  heli- 
copter fuel  system  contamination.  Additional 
emphasis  should  be  given  to  filtration,  and  to  nrc 
venison  of  main  vxnk  contamination  by  proper  fuel- 
handliiig  methods. 

A major  source  of  reliability  problems  arises  from 


muintenuner  requirements  either  scheduled  or  un- 
scheduled. For  example,  more  contamination  is  in- 
troduced into  oil  systems  (causing  excessive  wear  and 
early  bearing  failure)  through  frequent  oil  level 
checks,  oil  additions,  and  oil  changes  than  through 
seals  an,1  vents  during  normal  running  APU  design 
should  stress  minimum  scheduled  maintenance, 
throwaway  filters  and  components,  sealed  systems, 
and  automatic  controls  requiring  no  adjustment.  This 
approach  not  only  will  increase  reliability,  but  also 
will  decrease  net  life-cycle  APU  costs. 

3-*  5 SAFETY  PROVISIONS 

Good  APU  safety  design  must  inciude  provisions 
to  prevent  a failure  from  causing  helicopter  damage, 
and.  if  possible,  to  permit  mission  completion  in 
event  of  a failure.  Thus,  the  APU  installation  shall  be 
designed  so  that  fire,  APU  rotor  failure,  and  crash 
damage  arc  contained  within  the  APU  compartment. 

APU-rotor  containment  is  an  important  safety 
consideration,  and  can  be  handled  in  several  ways. 
Structure  can  be  designed  to  withstand  and  hold  a 
rotor  tri-hub  burst  at  overspecd  trip  conditions 
(assuming  a fuel  control  failure),  but  this  causes  an 
undesirable  weight  penalty.  Alternatively,  rotor  in- 
tegrity can  be  demonstrated  fey  means  of  specialized 
tests  to  measure  stress  levels  under  operating  con- 
ditions. Further,  systems  can  be  arranged  to 
guarantee  that  blade  failures  occur  first  (e.g.,  stress 
groove.*),  but  that  smaller  mass  blade  failures  can  be 
contained  within  the  casing  structure. 

Fuel  and  ignition  sources  shall  be  separated  by 
means  of  the  compartment  design.  One  philosophy  is 
to  put  the  entire  APU  into  a fireproof  conipirtmcnl. 
A second  philosophy  seel  s to  prevent  fire  by  con- 
fining (utl  sources  and  by  srgicgating  the  hot  section 
with  a bulkhead.  The  APU  controls  and  oil  sump 
should  be  housed  in  fireproof  containers.  Electrical 
subsy-iem  ignition  sources  should  be  rooted  or 
housed  away  fiom  fuel  lines.  APU1  inlet  air  should  be 
dueled  from  outside  the  helicopter  to  prevent  recir- 
culat'on  in  case  ot  compartment  fire.  Fire  detectors 
and  fire  extinguishing  equipment  shall  be  used  to  pro- 
tect against  fire  within  the  compartment  (see  par.  3- 
2.4> 

All  APU  fuel  system  components  shall  be  crash- 
worthy.  Fuel  lines  shall  be  made  ol  flexible  hose  with 
steel-braided  outer  sheath,  with  the  minimum 
number  of  couplings.  At  bulkheads,  the  hose  should 
be  run  through  uncut,  using  fri.tigible  hose  stabilizer 
fittings  When  lines  go  through  a firewall,  sdf- 
sealing.  breakaway  couplings  shall  be  used.  All  line 
supports  should  be  frangible.  Lines  shall  be  70-30% 
longer  than  necessary  to  accommodate  structural  dis- 
placements. Routing  shall  be  along  the  heavy  basic 
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structure,  but  away  from  electrical  components 
(unless  electrical  systems  arc  shrouded). 

Oram  !incs  for  combustor,  fuel  pump,  gearbox, 
vents,  etc.,  shall  be  connected  with  frangible 
fasteners,  and  made  of  low-strength  materials. 

Preferred  design  calls  for  engine-mounted  fuel 
boost  pumps  with  suction  fuel  supply.  In  the  event 
that  tank-mounted  boost  pumps  are  required  due  to 
fuel  subsystem  configuration,  they  are  acceptable  if 
mounted  with  frangible  attachments.  Electrical  lead 
wires  must  be  20-30%  longer  than  necessary,  and 
shrouded  to  minimize  crash  damage. 

Self-scaling,  bieakaway  couplings  shall  be  used  at 
all  c inneclions.  Filters  and  valves  shall  withstand  30- 
g loads  applied  in  any  direction.  Electrically  actuated 
valves  can  be  bulkhead-mounted,  with  wiring  on  one 
side  and  the  valve  and  fuel  lines  on  the  opposite  side. 

APU  oil  tanks  and  coolers  also  shall  withstand  30- 
g loads,  and  must  be  mounted  away  from  impact 
areas.  They  shall  be  located  within  the  compartment, 
but  away  from  hot  sections  and  inlet  air  ducting  to 
prevent  ingestion  of  spilled  oil.  Oil  filters  shall  be 
integral  with  the  APU. 

Ranches  and  elec  ideal  accessories  shall  be  located 
high  enough  in  the  fuselage  to  remove  them  from 
possible  fluid  spillage  areas.  They  rA .ill  be  compart- 


mentalized with  flexible  fire  resistant  panels.  Extra 
wire  length  is  needed  and  shall  be  supported  with 
frangible  connections.  The  basic  structure  shall  with- 
stand 30-g  loads  applied  in  any  direction. 
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CHAPTER  4 

TRANSMISSION  AND  DRIVE  SUBSYSTEM  DESIGN 


4-4)  LIST  OF  SYMBOLS 

Af  « axial  foicc,  lb 

a m bearing  outer  ring  bore,  in. 

At  - portion  of  total  time,  % 

B ,0  - life  at  which  10%  of  a bearing  population 

fails,  cycles  or  hr 

b > Hertzian  contact  banc]  scrniwi^th,  in. 
b *-  bearing  OD,  in. 

C ■*  capacity  of  bearing  for  life  of  if!*,  cycles 
with  90%  probability  of  survival,  lb 
Cc  m case  convection  cooling  coefficient,  hp/cF 
Ck  - load  inclination  factor  (helical  gear), 
dimensionless 

Cf  ■ elastic  coefficient,  (psi)l/2 

c ~ liner  (steel)  OD,  in 

c.  m specific  hear  of  oil,  Biu/ih-sF 
6 • gear  diameter,  in. 

D - material  factor  (bearings),  dimensionless 

Dbc  - bolt  circle  diameter,  in. 

Drn  - stud  pitch  diameter,  in. 

Db  - involute  base  circle  diameter,  in. 

D,  - inside  diameter,  in. 

Dml  " spline  minor  diameter,  in. 

Dc  - outside  diameter,  in. 

Dp  ■»  pitch  diameter,  in. 

D,  - gear  root  diameter,  in. 

D , ■ major  diameter  of  spline,  in. 

D2  - outside  diameter  of  spline  locth  member, 
in. 

d ■ pinion  pitch  diameter,  in. 
d » track  of  braked  wheels,  ft 
d - light  alloy  section  OD,  in. 

£ » modulus  of  elasticity  (Young's  modulus), 

psi 

£ ■ processing  factor  (bearings),  dimensionless 

Ed  - energy  dissipation  rate,  Btu/in.:-min 
£'  " combined  modulus  of  elasticity,  psi 

* ■ pitch  plane  misalignment,  in, /in. 

F “ flow  rate,  gpm 

F « face  "width  of  gear  tooth,  in. 

F « lubrication  factor  (bearings),  dimension- 
less 

Fb[  ■»  breakaway  slip  force,  lb 
£,  * effective  fact  width,  in. 

Fm  ■■  average  effective  face  width,  in. 

/ “ coefficient  of  friction,  dimensionless 

\ 


fb  *■  frequency  of  back  ward  ti  a veiling  wave,  Hz 
f,  - frequency  of  forward  travelling  wave,  Hz 
/ - inner  race  curvature,  % of  ball  diameter 

f„  “ outer  race  curvature,  % of  ball  diameter 

f0  *•  static  resonant  frequency,  Hz 
C “ EHD  material  parameter,  dimensionless 
C - speed  effects  factor  (bearings),  dimension- 
less 

C - lengthwise  tooth  stiffness  constant,  psi 
G’s  *»  specific  weight  of  oil,  Ib/gal 
H - misalignment  factor  (bearings),  dimension- 
less 

h » oil  film  thickness,  pin. 

hc  «■  EHD  oil  film  thickness,  pin. 

/ m stress  index  modifier,  dimensionless 

I * moment  of  inertia,  slug-ft: 

J “ geometric  shape  factor,  dimensionless 

K - Hertz  stress  index,  psi 

K,  - stress  conccntration  factor,  dimensionless 

Kt  =»  inertia  factor,  dimensionless 

Kt  - life  factor,  dimensionless 

Km  « misalignment  factor,  dimensionless 

- overload  factor,  dimensionless 

Af,  ■■  reliability  factor,  dimensionless 

Af,  — size  factor,  dimensionless 

K,  " temperature  factor,  dimensionless 

Af,  **  dynamic  load  factor,  dimensicnlcss 

k - conversion  constant 

A:  “ contact  line  inclination  factor,  dimension- 

less 

k m geometry  factor,  dimensionless 

L “ gear  face  width,  in. 

L m design  life  or  scheduled  removal  time 
(TBO),  hr 

La  m adjusted  life,  hr 

Lcn  “ gear  center  distance,  in . 

l2  life  for  2%  failure  of  a bearing  population, 
hr 

Ll0  m life  for  |0%  failure  of  a bearing  popula- 
tion, hr 

M * mechanical  advantage,  dimensionless 

M - moment,  in.-lb 

in  » profile  contact  ratio,  dimensionless 

mf  = gear  ratio,  dimensionless 

in„  = coiiiac!  ratio  factor,  dimensionless 

- modified  contact  ratio  (spiral  bevel  goo), 

dimensionless  y ' 
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- number  of  teeth  (gear  or  spline) 

* number  of  bolts  or  studs 

- number  of  teeth  on  gear 

- number  of  teeth  on  pinion 

- number  of  discrete  values 

■ number  of  radial  nodes 

■ rotational  speed,  rpm 

- critical  speed,  rpm 

™ normal  operating  rotational  speed,  rpm 

- pinion  rotational  speed,  rpm 

* load,  lb 

«"  power  loss,  hp 

■ power  lots  to  oil  cooler,  hp 

- power  loss  to  oil  cooler  (cold  condition), 
hp 

- base  pitch,  in. 

- diametral  pitch,  in.”’ 

« transverse  diametral  pitch  (measured  at 
large  end  of  bevel  gear),  in  _l 

■ friction  power  loss,  hp 

- pi  ver  input  to  transmission,  hp 

■ power  loss,  % of  transmitted 

* mean  transverse  diametral  pitch  (bevel 
gear),  in.-' 

* oil  pump  los*,  hp 

* fastener  tension  loading,  lb 

- gear  windage  power  loss,  hp 

“ pump  dischcrge  pressure,  psig 

- circular  pitch,  in. 

- normal  circular  pitch  (helical  gear),  in. 

- torque,  Ib-ft  or  lb-in. 

- brake  torque.  Ib-ft 
•*  skid  torque,  Ib-ft 

- flange  torque  capacity,  lb-in. 

- stud  torque,  lb-in. 

» mean  transverse  pitch  radius,  in. 

- reliability  (for  1-hr  mission),  dimensionless 

■ distance  from  pitch  circle  to  point  of  load 
application,  in 

«*  radius  of  curvature  of  gear  tooth,  in. 

•»  radius  of  curvature  of  pinion  tooth,  in. 

* probability  of  survival,  dimensionless 
=»  rms  surface  finish,  pin. 

<*  allowable  endurance  limit  stress,  psi 

■ bearing  stress,  psi 

■ compressive  (Hertz)  stress,  psi 

«*  compressive  (Hertz)  stress  at  failure,  psi 
hoop  stress,  psi 

* bursting  stress,  psi 

- shear  stress,  psi 

■ tensile  stress,  psi 

* torsional  shear  stress,  psi 
« temperature,  °F 

- ambient  air  temperature,  *F 
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* ambient  air  temperature  (cold  condition) 
#F 

- critical  temperature,  *F 

- circuit  1 tooth  thickness,  in. 

* initial  temperature,  *F 

- average  external  surface  temperature,  *F 

■ average  external  surface  temperature  (cold 
condition),  *F 

- EH  J speed  parameter,  dimensionless 

- rolling  velocity  of  faster  of  two  bodies  in 
contact,  ir../scc  or  fps 

■ roiling  velocity  of  slower  of  two  bodies  in 
contact,  in./sec  or  fpt 

■ total  rolling  velocity  (K,  + Vt)  of  two 
bodies  in  contact,  in  ./sec  or  fps 

» (F,  + V})/2,  in./sec  or  fps 

■ slirii  4 veloc'ty,  in./sec  or  fps 

* load,  lb 

- helicopter  weight  carried  on  braked 
wheels,  lb 

» EHD  load  parameter,  dimensionless 

- dynamic  load,  lb 

**  failure  load,  lb 

“ gear  tooth  load,  lb 

■ effective  gear  tooth  load  (K0W,  -t-  IVJ), 
lb 

“ running  load,  Ib/in. 

= modified  Lewis  form  factor  (spur  gear),  di- 
mensionless 

■*  modified  Lewis  form  factor  (helical  gear), 
dimensionless 

■ modified  Lewis  form  factor  (bevel  gear), 
dimensionless 

* total  transverse  length  of  line  of  action,  in. 

m c^Arjng  0££m£try  f® CtOT,  d'rntP.SiOP.lCSS 

■ modified  scoring  geometry  factor  (spur 
gear),  dimensionless 

■ pressure  viscosity  coefficient,  in.J/lb 

■ linear  coefficient  of  thermal  expansion. 
in./in.-°F 

- contact  angle,  deg 

■ fraction  of  theoretical  contact  (splines),  di- 
mensionless 

- increment,  as  A 1 , deg  F or  A (Dp/2),  in. 

- mean  CLA  surface  roughness,  pin. 

■ incremental  growth,  in./(in.-*F) 

■ deflection,  compression,  or  protrusion,  in. 

* efficiency,  dimensionless  or  %;  subscripts  c 
and  /,  p,  and  1 denote  coarse  and  fine 
pitch,  pump,  and  transmission,  respecti- 
vely 

■ ratio  of  oil  film  thickness  to  sur- 
face roughness,  dimensionless 

■ failurerate.hr'1 


4-2 


' at n*^'1  S fc-*  V -*~  * 


*'  **  *■"  '*■ -*■-*  * 


1 


AMCP  706  202 


ft,  * dynamic  viacoaity,  ib-aec/in.s 

H * Poisson’s  ratio,  dimcnaionlcas 

v •*  helical  tooth  lead  line  inclination,  deg 
is  - EHD  parameter,  dimensionless 

t>  ■ density,  slug/ft'  or  Ib/in.1 

a *'  standard  deviation,  dimensionless 

<t>  <-  gear  tooth  pressure  angle,  deg 

» normal  pressure  angle  (helical  gear),  deg 
6,  “ transverse  operating  pressure  angle,  deg 

4>  - gear  tooth  helix  or  spiral  angle,  deg 

fl  “ angular  acceleration  or  deceleration  cf  ro- 
tor, rad/sec1 

tit  » rotational  speed,  Hz 


4-1  INTRODUCTION 


4-1.1  GENERAL 


The  proper  use  of  this  chapter  as  an  aid  in  the 
achievement  of  satisfactoiy  transmission  and  drive 
system  detail  design  requires  a clear  understanding  of 
several  basic  concepts.  The  contents  reflect  the  past  in 
that  prior  applications  are  used  to  generate  an  ex- 
perience and  information  base.  The  suggested  analy- 
tical approaches  and  techniques  for  design  and  for 
the  basic  selections  of  gear,  bearing,  and  shafting 
figurations  represent  the  present  state-of-the-art. 
H vcver,  the  technology  as  discussed  docs  not 
exclude  the  future  in  that  areas  of  uncertainty  and 
limitations  of  knowledge  arc  emphasized  wherever 
they  appear  applicable.  The  mechanical  drive  system 
designer  must  practice  his  skill  from  a moving  or 
living  technology  base. 

The  use  of  geared  transmission  systems  predates 
recorded  history.  A relatively  sophisticated  differen- 
tial gear-drive  system  was  employed  in  the  Chinese 

up  ....l  /*»k Ti4/v>  d r /D.r  i \ 
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and  geared  drives  still  represent  the  most  efficient 
method  of  power  transmission.  This  chapter  is  in- 
tended to  encourage  rather  than  to  subvert  new  und 
unconventional  approaches  to  old  problems.  The  sole 
limitation  upon  incorporation  of  the  unconventional 
in  helicopter  drive  systems  is  that  the  basic  rules  of 
nature  (laws  of  mechanical  physics)  are  relatively  in- 
violable and  should  be  treated  with  respect. 

There  is  no  perfect  or  unique  design  solution  to  a 
given  power  transmission  requirement,  and  all 
known  designs  have  been  compromised  by  the  indi- 
vidual requirements  of  the  aircraft  into  which  they 
must  be  integrated.  Optimization  of  a design  cannot 
be  viewed  within  the  context  of  the  power  tians- 
mission  task  alone;  thorough  trade-off  studies  must 
consider  such  factors  as  suspension,  layout,  airframe 
support  structure,  rotor  control  systems,  aircraft 
weight  and  balance,  space  limitations,  and  locations 
cf  engines.  Almost  any  known  drive  system  could  be 


made  lighter,  more  efficient,  ar  ti  less  costly  if  it  were 
not  necessary  to  conrider  interface  effects.  However, 
the  design  optimization  techniques,  addressed  in  this 
chapter  are  limited  to  the  components  of  the  power 
transmission  subsystems  without  consideration  of  ihc 
possible  overriding  effects  peculiar  to  a given  aircraft 
configuration. 

The  designer  must  be  aware  of  the  significance  of 
the  total  Army  environment.  Mgjor  subsystem  com- 
ponents such  as  gearboxes,  driveshafts,  or  hanger 
bearing  assemblies  probably  will  be  subjected  to 
rough  treatment  during  shipping,  handling,  and 
removal  from  or  installation  on  the  helicopter.  The 
consistent  use  of  sophisticated  or  special  tools  and 
torque  wrenches  simply  will  not  occur,  even  though 
specified  by  the  designer.  Extremes  in  tem|>cruturc, 
humidity,  sunlight,  precipitation,  and  sand  and  dirt 
contamination  will  occur  during  both  flight  opera- 
tion and  lengthy  periods  of  outdoor  parking.  Pres- 
sure cleaning  equipment  — employing  steam,  water- 
soap  solutions,  or  other  solvents  — will  be  used  on 
the  helicopter  and  its  drive  subsystem;  thcs3  cleaning 
solutions  may  be  more  than  lOOtF  hotter  or  colder 
than  iiic  components  ucaiiiig  the  fuitiicf  risk  of  ihei- 

mal  shock.  Exposure  to  such  hostile  envionments  will 
occur  repeatedly  for  long  periods  of  time,  but  must 
not  compromise  the  mission  availability  of  the 
helicopter.  Improper  maintenance,  tool  drops,  and 
reverse  or  improper  installation  where  possible  also 
will  occur.  Component  design  must  be  tolerant  and 
forgiving  of  such  treatment  wherever  practicable. 


4-1.2  REQUIREMENTS 

Generul  requirements  arc  applicable  to  all  drive 
system  configurations.  There  also  arc  specific 
requirements  that  vary  according  to  the  aircraft  con- 
figuration and  intended  mission  (par.  7-1.1,  AMCP 
706-201)  and  general  requirements  peculiar  to  par- 
ticular configurations  or  arrangements  of  engines  and 
rotors  (par.  4-1.3). 


4- £.2.1  General  Requirements 

Certain  requirements  are  common  to  all  Army 
helicopters  regardless  of  configuration  or  intended 
usage.  The  desired  level  of  attainment  of  these 
requirements  and  their  relative  importance  generally 
arc  specified  in  the  appropriate  prime  item  develop- 
ment specification  (PIDS).  Because  .ne  transmission 
and  drive  system  represents  a significant  portion  of 
the  total  complexity  and  cost  of  the  helicopter,  these 
common  requirements  must  be  considered  during 
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detail  design.  Such  requirements  — without  con- 
sideration of  their  relative  importance  — include  per- 
foimunce,  reliability,  maintainability,  and  surviva- 
bility. 


4-I.2.1.1  Performance 

The  contribution  of  the  drive  system  to  helicopter 
performance  can  be  defined  in  various  ways.  How- 
ever, the  following  factors  predominate: 

1.  Weight 

2.  Efficiency 

3.  Size 

4.  Noise  le-  el. 


4-1.2.1.1.1  Subsystem  Weight 

Weight  of  the  transmission  and  drive  system  is 
minimized  by  attention  to  compuct  size  together  and 
with  the  use  of  high-strength  materials  for  dynamic 
components  that  muke  maximum  use  of  the  material 
properties  available  within  the  limits  of  permissible 
failure  rates  and  reliability  requirements  Superior 
quant}  vOimu,  in  piOcCaaing  and  the  skillful  use  of 
low-density  material  for  forged  or  cast  housings  also 
are  necessary.  The  latter  is  important  because  gear- 
box itousings  comprise  from  20  to  60*11  of  total  trans- 
mission weights  in  current  designs. 

Excessively  large  gear  ratios  per  stage  generally 
add  weight.  The  pinion  size  is  determined  primarily 
by  the  torqi  e transmitted  and  is  relatively  inde- 
pendent of  the  gear  ratio;  but  the  weight  of  'he  gear 
member  increases  roughly  as  the  square  of  the  ratio. 
Large  ratios  per  stage  usuully  also  urc  inefficient. 

Considering  the  s»zc  of  support  structure  and  bear- 
ings, as  wcli  as  of  the  gears  themselves,  the  gear  types 
order  themselves  by  increasing  weight  and  power  loss 
(for  approximately  equal  gear  ratios)  in  the  follow- 
ing manner: 

1 . Concentric  drives:  cpicyclic  or  plunetary  devices 

a.  Simple  — same  input-output  rotation 

b.  Star  — reversing  rotation. 

2.  Parallel-axis  drives:  spur,  helical,  and  herring- 
bone 

3.  Intersecting-axis  drives:  spiral  bevel  and  hypoid. 

This  ordering  reflects  the  effects,  in  addition  to  the 

intended  speed  change  per  stage,  of  additional  tor- 
que vector  translations  and  rotations.  The  con- 
centric dri  x does  not  alter  the  torque  axis,  ihc 
parallel  drive  requires  a translation  of  output  vector 
with  respect  to  input,  and  the  intersecting-axis  drive 
introduces  a new  coordinate  through  the  rotation  of 
the  output  vector  with  respect  to  input. 

The  selection  of  drive  types  should  follow  the  given 
ranking,  beginning  at  the  ou'.put  drive.  Also,  the 
largest  reductions  should  be  taken  clove  to  the  final 
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output,  with  smaller  amounts  of  torque  being  curried 
as  the  distance  from  the  output  increases.  The  weight 
of  any  gear  reduction  stage  is  proportional  to  the  se- 
cond or  third  power  of  the  torque.  Therefore,  worth- 
while weight  savings  can  be  made  by  using  drives  in 
the  order  ranked  — concentric  drives  near  the  out- 
put, parallel-axis  types  at  intermediate  or  combining 
stages,  and  intcrsceting-axis  types  nearest  the  engine 
if  drive  direction  changes  arc  required. 

There  are  occasional  instances  where  these  rules 
may  not  apply;  e g.,  high  reduction  ratio  may  be  un- 
desirable at  secondary-level  power  outputs,  such  as 
tail  rotor  or  auxiliary  propellers,  because  of  the  long 
distance  from  the  helicopter  CG-  Although  the  total 
drive  subsystem  weight  may  be  less  with  a lower  tor- 
que being  carried  by  shafting,  it  may  become  dif- 
ficult to  obtain  a satisfactory  CG  location  due  to  the 
larger  moment  of  the  extra  weight  of  the  higher  ratio 
final  reduction  stage. 

The  spccifc  weights  of  current  helicopter  main 
gearboxes  in  range  from  C.30  to  0.50  Ib/hp  for  re- 
duction ratio  of  15:1  to  74:1  (Eig.  4-1).  The  next 
decade  undoubtedly  will  see  this  index  dropping  near 
the  0.25  level. 

4-1.2.I.I.2  Transmission  Efficiency 

The  requirement  for  efficient  power  transmission  is 
of  such  importance  thut  gear  types  other  than  those 
listed  in  pal.  4-1. 2.1. 1.1  seldom  are  considered 
seiiouily  for  application  to  the  main  power  drive 


F i«rt  4-1.  Helicopter  Main  Gearbox 
Weight  »s  Takeoff  Power 
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train  for  many  reasons.  For  example,  with  a 1%  in- 
crease in  power  loss  the  life  cycle  cost  for  an  assu.ned 
fleet  of  1000  medium  helicopters  wouid  be  increased 
by  $100,000  per  helicopter  by  the  extra  fuel  necessary 
to  perform  a constant  mission.  Jhis  is  based  upon  a 
6000-hr  life,  a specific  fuel  consumption  (SFC)  of 
0.65  ib/hp-hr,  and  a fuel  cost  of  SO.OI6/Ib.  Further, 
the  average  helicopter  lift  capability  ranges  from  5 to 
10  Ib/hp  depending  upon  rotor  disk  load.ng  and 
operational  variables.  Therefore,  a medium  heli- 
copter of  2000  hp  suffers  a useful  load  reduction  of 
from  100  to  200  lb  with  a 1%  additional  power  loss. 
Thus,  when  comparing  an  alternative  gear  system  of 
1%  lower  efficiency,  the  basic  gearbox  weight  would 
need  to  be  reduced  by  more  than  100  lb  to  compen- 
sate for  the  power  loss. 

The  reverse  drive  efficiency  of  a gearbox  also  must 
be  watched  carefully,  as  excessive  use  of  recess  action 
gearing  can  create  a problem  in  autorotation.  For  in- 
stance. Ref.  2 describes  high-ratio  recess  action 
systems  that  operate  at  high  efficiency  as  speed  re- 
ducers but  become  virtually  self-locking  when 
operated  as  speed  increases  as  in  uutorotation. 

A helicopter  of  I5.0W  lb  gross  weight  making  an 
autorotational  descent  at  2000  ft/min  is  using  its 
available  potential  energy  at  '.he  rate  of  about  900  hp. 
Drive  system  windage,  fiat  pitch  tail  rotor  drag,  and  a 
few  minimum  accessory  loads  require  approximately 
100  hp.  A 95%  reverse  drive  efficiency  leaves  about 
795  hp,  a reasonable  level  to  sustain  the  preset ibed 
descent.  However,  sudden  yaw  control  requirements 
conceivably  could  boost  the  reverse  drive  require- 
ment momentarily  to  200  hp  In  such  a cr.sc,  cither 
the  rate  of  descent  would  increase  sharply  or  some 
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rotor,  with  a slight  reduction  of  rotor  speed  being 
compensated  by  an  increase  in  descent  velocity.  How- 
ever, if  the  reverse  drive  efficiency  were  50%,  the  tail 
rotor  and  accessory  load  would  extract  400  hp  from 
the  main  rotor,  requiring  an  almost  50%  increase  in 
rate  of  descent  to  sustain  safe  main  rotor  speeds. 

The  power  losses  of  a typical  high-speed  twin- 
engine-drive  main  gearbe  x operating  at  constant 
speed  might  vary  as  shown  in  Fig.  4-2.  At  full  speed 
there  is  2S-hp  windage  loss  with  zero  power  trans- 
mission, and  then  the  power  loss  due  to  friction  is 
added  as  the  power  transmitted  is  increased  until  a 
total  loss  of  60  hp  is  reached  for  the  full  twin-engine 
power  input.  The  slightly  downward  inflected  curve 
shape  is  rather  typical  for  most  modern,  heavily 
loaded,  high  hardness  gears  and  antifriction  bearing 
systems,  although  in  some  instances  a virtually 
straight  line  may  be  observed.  Clearly,  it  is  improper 
to  speak  of  a gearbox  having  loss  characteristics,  such 
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Figure  4-2.  Power  Loss  to  Heat  vs  Input 
Powcf  — Typical  Twin-enginc-drivcn  Gearbox 


as  those  shown  in  Fig.  4-2,  as  possessing  a given  ef- 
ficiency apart  from  a specific  power  rating.  The  trans- 
mission losses  shown  result  in  efficiencies  as  follows: 


Input  Power, 
hp 
100 
500 
1000 
1500 
2000 
2500 
3000 


Efficiency, 

% 

74.0 

93.4 

96.0 
96.9 

97.4 
97.8 

98.0 


The  windage  losses  arc  influenced  strongly  by  oil 
viscosity,  the  amount  of  oil  supplied  to  the  various 
gear  meshes  and  bearings,  and  the  oil  scavenging 
characteristics  of  the  transmission.  Small  gcar-to- 
housing  clearances,  poor  druinage  paths,  and  ex- 
cessive oiling  should  be  avoided.  Good  estimations  of 
gear  windage  losses  P„  may  be  obtained  from  Eq.  4-1 
(Ref.  3) 


n'&L* ■’ 
100  X I01 


— , hp 


where 

D « gear  diameter,  in. 

L * gear  face  width,  in. 

n = rotational  speed,  rpm 

This  equation  represents  an  application  of  basic  pro- 
peller theory  (Ref.  4)  and  is  based  upon  air  density  at 
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standard  sea  level  conditions  which  is  000238 
slug/IV.  However,  for  MIL-L-7808  oil  at  normal 
operating  temperatures  p 1.748  slug/fl*.  Conse- 
quently, if  the  helicopter  designer  can  estimate  or 
experimentally  determine  the  oilincss  of  the  ‘ '.ns- 
mission  atmosphere,  an  average  p may  be  employed. 
Ref.  4 suggests  a 34.25:1  air-oil  ratio  in  which  case 
Fu.  4-1  can  be  expressed  as 


Methods  of  gem  mesh  oiling  also  affect  windage 
losses  Differences  of  virtually  200%  have  been  re- 
ported to  exist  between  in-mesh  and  out-of-mesh 
oiling  for  a large,  single-reduction  gear  set  (Ref.  5). 

The  torque  or  load-sensitive  contribution  of  the 
transmission  to  power  loss  is  due  almost  entirely  to 
the  rolling/sliding  loud-carrying  bearing  and  gear  ele- 
ments. 

Good  First-order  approximations  for  antifriction 
bearing  iosscs  at  moderate  speeds  arc  given  in  Ref.  6 
and  with  a little  greater  precision  in  Ref.  7.  However, 
where  very  accurate  determinations  arc  required  or 
where  high-speed  applications  exist,  the  prediction  of 
these  losses  requires  an  understanding  of  the  more 
complex  factors  involved  (Ref.  8)  For  optimization 
studies  and  examination  of  the  effects  of  external  de- 
flections and  asymmetrical  loading,  there  is  no  sub- 
stitute for  a good  digital  computer  program  of  the 
basic  equations  such  as  is  presented  in  Ref.  9. 

In  general,  the  significant  power  losses  in  bearings 
occui  in  regions  of  appreciable  contact  zone  slip. 
Consequently,  simple,  well-guided  cylindrical  roller 
bearings  are  the  most  efficient  for  most  applications, 
Radiclly  loaded  ball  bearings  are  lower  in  efficiency, 
while  angular  contact  (thrust  loaded)  ball  bearings 
e.-.hsb'l  sigtiifn.  mliy  greater  friction  losses.  When  the 
latter  art  used  in  very  high-speed  operations,  their 
power  loss  characteristics  deteriorate  sharply  as  ex- 
cessive reiitiifufc.d  and  gy  roscopic  forces  affect  ball 
lememsiici.  Standard  tapered  roller  bearings  (coni- 
cal lolling  dements)  arc  the  ksst  efficient  of  these 
four  types,  ia-gely  because  of  ihc  heavily  loaded  cone 
rib  that  i.  in  riidir.g  contact  with  ;he  large  cod  cf  the 
conical  roller.  A,  new  type  of  angulai  contact  cylin- 
drical rel.er  (Ref.  iOt  may  offer  advantages  when  ful- 
ly developed.  In  this  type,  the  cone  ■ ib  k>?d  is  theo- 
retically reduced,  but  »x-rcasco  sliding  results  a!  one 
or  both  of  the  rjce-rcllvr  contacts  Experience  is  in- 
sufficient for  tvalueti-ni  or  \U-  relative  neat  genr- 
lalion,  but  ir  dication*  arc  that  it  will  prove  to  be 
ore  efficient  than  tht  stauuird  tapered  softer  and 
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that  its  losses  will  approach  those  of  the  angular  con- 
tact ball  bearing.  The  plain  journal  bearing  is  un- 
suitable for  heavily  loaded  power  tiansmission  ap- 
plications (see  par.  4-2.4.2),  although  it  may  have 
satisfactory  application  in  lightly  loaded  ucccssory 
uses;  the  power  losa  with  this  type  of  bearing  is  at 
least  twice  as  great  as  for  any  of  the  previously  men- 
tioned type#  (Ref.  II).  The  hybrid  boost  bearing 
(hydrostatic  plain  thrust  bearing  in  aeries  combi- 
nation with  the  stationary  or  rotating  ring  of  an  an- 
gular contact  ball  thrust  bearing)  has  been  evaluated 
experimentally  (Ref.  12),  but  no  helicopter  experience 
is  known.  The  experimental  work  indicated  a friction 
torque  for  the  hybrid  ocaring  of  roughly  twice  that 
for  the  simple  ball  thtusi  bcaiing. 

The  accuracy  of  the  calculated  losses  for  bearings  is 
dependent  upon  proper  installation  and  application 
design.  Excessive  preload,  due  to  installation  and/or 
thermally  induced,  c^n  easily  result  in  doubling  the 
friction  torque  and  also  will  have  detrimental  effects 
upon  fatigue  life  and  reliability. 

The  power  loss  in  gcaiing  is  quite  an  involved  and 
Controversial  Subject.  However,  the  specific  weigh, 
rankings  listed  earlier  in  this  paragraph  hold  true  foi 
basic  efficiency  also.  There  are  reasonable  ranges  of 
gcur  ratio  for  which  specific  types  of  geer  drives  are 
best  suited;  when  the  upper  limits  are  exceeded,  the 
resultant  power  loss  is  apt  to  increase  to  a level  where 
superior  overall  efficiency  may  be  obtained  by  re- 
verting to  two  stages  of  lower  ratio.  The  suggested 
optimum  ratio  ranges  arc: 

1.  Concentric  — cpicyclic,  3;  I to  5:1 

2.  Parallel  axes  — straight  spur,  );!  to  2.5:1 

— single  helicals,  1:1  to  3:1 

— double  helicals,  (licit ii'igbuhc), 
\:\  to  10:1 

3.  Intersecting  axes  — spiral  bevel.  1:1  to  3.5.1. 

A number  of  assumptions  arc  included  in  these 

suggested  ranges.  The  lowrr  limit  for  the  epicyclic 
assumes  a simple  (sio  ircvcrsing)  design.  The  planet 
gears  become  excessively  small  so  that  the  sun  driver 
tend:,  to  act  like  a speed-increasing  drive  with  a long, 
inefficient  arc  of  approach.  At  these  low  ratios  the 
epicyclic  system  becomes  plancl-bcaring-capucity 
limited  in  that  it  is  difficult  to  fit  sufficiently  large 
bearings  to  carry  the  necessary  load  if  the  gear  teeth 
arc  stvessed  to  satisfactory  levels. 

The  upper  limit  for  the  epicyclic  represents  a 
reasonably  designed,  four-planet  idler  system  whose 
weak  point  is  the  tendency  for  pitting  of  the  sun  gear. 
Because  the  design  is  suit-pinion-diameler  limited  (to 
acceptable  Hertzian  stress  levels)  and  the  planet  gears 
arc  four  times  the  diameter  of  the  sun,  the  system  is 
rapidly  becoming  inefficient  from  a weight  stand- 
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point.  Tht  currier  structure,  ring  gear,  and  ring  gear 
housing  (if  usee!)  arc  excessive;  y heavy.  If  used  in  a 
final  drive  stage,  the  low  speed  of  the  plane  bearings 
(9/4  x rotor  speed)  is  not  conducive  to  the  formation 
of  adequate  oil  film  thicknesses  for  good  per- 
formance even  though  there  is  virt  /ally  unlimited 
space  for  high-capacitv  planet  bearing  designs. 

The  upper  limit  of  the  single  helicals  is  based  upon 
the  assumption  that  the  helix  angle  4 will  be  no 
greater  than  IS  deg  in  order  to  minimize  the  thrust 
component  of  the  tooth  loading.  The  extended  upper 
limit  given  for  herringbone  designs  is  based  upon  the 
use  of  high  helix  angles  (ip  « 35  deg);  thus,  maximum 
advuntarr  (s  taken  of  the  thrust  component  cancella- 
tion that  permits  attainment  of  very  high  face  con- 
tact ratios  which  in  turn  permit  some  reduction  in  the 
profile  contact  ratio  with  an  attendant  reduction  in 
sliding  velocities.  The  upper  limit  for  the  spiral  bevel 
gear  ratio  reflects  the  use  of  approximately  a 90-deg 
intersection  of  axes  and  is  based  upon  increased 
losses  due  to  excessive  sliding  velocities  in  both  the 
art  of  approach  and  the  recess.  The  lower  limit  for 
spiral  bevels  would  be  applicable  for  overhung  moun- 
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full-straddle-mounted,  90-deg-ax:s  systems  cannot  be 
accomplished  below  an  approximate  ratio  of  I 4: 1 for 
90-deg  axes. 

In  all  cases  the  lubrication  is  limited  to  low-vis- 
cosity synthetic  turbine  oils  with  no  unusual  addi- 
tives. 

# 

The  specific  efficiencies  obtained  in  gear  meshes 
are  basically  considered  to  be  represented  by  ana- 
logy to  classic  physical  concepts.  The  friction  power 
loss  of  P,  of  sliding  bodies  in  contact  is  given  by  Eq. 
4-3. 


frWV,f! 550.  hp  (4-3) 


where 

W ■ load,  lb 
Vt  - sliding  velocity,  ft/sec 
/ « coefficient  of  friction,  dimensionless 

Minimization  of  power  loss  would  simply  seem  to  re- 
quire attention  to  minimization  of  Vs  and /.  However, 
the  apparent  quantity  / varies  in  a very  complex 
manner  with  the  intensity  of  load  [expressed  as  a 
compressive  (Hertz)  stress  Sf],  the  sliding  velocity, 
and  factors  descriptive  of  the  lubrication  regime  and 
the  lubricant  itself. 

Lubricant  regimes  arc  classified  loosely  (from  thin 
lubricant  film  separation  to  thick)  as  boundary, 
elastoh ydrody namic  (EHD),  and  hydrodynamic. 
There  is  no  abrupt  delineation  between  these  regimes, 
but  the  following  approximation  is  usctul.  In  this 
system  of  definition,  the  boundary  regime  includes 


the  subregime  of  microclastohyrirodynamics  (Refs. 
13  and  14).  Fig.  4-3  represents  the  salient  charac- 
teristics and  interdependent  variables  influencing  / 
throughout  the  range  of  specific  film  thicknesses.  The 
ratio  X is  introduced  to  give  physical  meaning  to  these 
regimes  in  terms  of  the  roughness  or  surface  finish  of 
the  active  tooth  profiles  according  to 


X 


h 

6 


dimensionless 


(4-4) 


where 

h - oil  film  thickness, /tin. 

i «-  mean  centerline  average  (CLA)  surface 
roughness,  /tin. 

Region  III  of  Fig.  4-3  can  be  neglected  for  heli- 
copter transmission  components.  The  entire  region  is 
defined  by  classical  hydrodynamics;  and  the  proper- 
ties of  lubricant  viscosity,  sliding  velocity,  and  load 
interact  to  build  a supporting  lubricant  film  that 
completely  separates  the  load-carrying  mechanisms. 
The  observed  friction  is  primarily  dependent  upon 
the  viscosity  of  the  supporting  film. 

Region  II  actually  extends  (on  a submicroscopic 
scale)  into  Region  I,  but  the  true  importance  of  this 
region  is  that  it  represents  a transitional  phase  that 
•:nly  has  become  defined  with  engineering  signifi- 
vance  within  the  past  decade.  The  pressure  dis- 
tributions within  the  loaded  gear  surfaces  are  con- 
sidered basically  Hertzian,  but  the  film  thickness  is 
dependent  upon  the  additional  facte  rs  of  elasticity  of 
metals  and  the  property  of  greatly  increased  lubri- 
cant viscosity  under  the  Hertzian  conjunction  pres- 
sures. The  observed  film  thickness  is  known  to  in- 
crease with  increasing  entrainment  or  sum  of  rolling 
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velocities  VT ( Vy  m vt  + yJt  where  V,,  and  V}  are  the 
velocities  of  the  bodies  in  contact)  of  the  loaded 
bodies,  the  lubricant  viscosity  at  the  conjunction  in- 
let, and  the  pressure  viscosity  coefficient  of  the  lubri- 
cant, and  to  decrease  slightly  with  increasing  load 
and  Vs.  fhe  largest  values  of  this  region  represent  full 
separation  of  the  loaded  bodies,  while  the  lower 
values  permit  some  metal-to-metal  contact  of  the 
asperities  of  roughness  peaks.  The  most  widely  ac- 
cepted expression  in  use  today  for  EDH  film 
thickness /rf(Rcf.  15)  is 


where  the  three  EHD  dimensionless  parameters  are 
G = or  F (materials) 
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(speed) 

(load) 


and 


F = combined  modulus  of  elasticity,  in. 

A = mean  transverse  pitch  radius,  in. 

Pr  = mean  rolling  velocity  ( F,  «»  V2  )/2,  in. /sec 
w = running  load,  Ib/in. 

a - pressure  viscosity  coefficient,  in.3/lb 

Po  = dynamic  viscosity,  lb  scc/in. 2 

A physical  sense  for  hE  is  shown  in  Fig.  4-4.  Eq.  4-5 
is  isothermal,  in  that  it  docs  not  treat  the  effects  of 
material  heating  in  the  conjunction,  but  is  believed  to 
be  reasonably  accurate  up  to  V J values  of  ut  least 

0.3/ 

The  observed  friction  in  the  EHD  regime  is  pri- 
marily due  to  viscous  shear  of  the  lubricant  in  the 
high-pressure  field  of  the  conjunction. 

Much  experimental  data  exists  to  relate  friction 
values  to  certain  dimensionless  parameters.  Most 
take  the  form  shown  in  Fig.  4-5  (Ref.  15).  Such  rela- 
tionships hold  for  constant  values  of  surface  rough- 
ness and  lay,  and  for  specific  lubricant  types.  The 
most  important  conclusion  from  these  data  is  simply 
that  friction  is  relatively  low  — on  the  order  of  0.u2 
to  0.04  — for  components  operating  in  Region  II.  A 
m«  re  detailed  analysis  that  considers  the  thermal  as- 
pects of  EHD  solutions  as  applied  to  simple  involute 
gears  may  be  found  in  Ref.  16. 

Region  I,  defined  as  boundary  layer  lubrication, 
represents  conditions  that  predominate  in  the  lower- 
speed  components  of  helicopter  gearboxes.  In  this 
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Figure  4-4.  Elastic  Body  Contact  Pressure 
Distribution  and  Interface  Contour 
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Figure  4-5.  Friction  Coefficient  vs  EHD 
Parameters  — Region  I and  I! 


region,  / may  be  influenced  significantly  by  inter- 
action of  asperities  in  the  rubbing  load-carrying  ele- 
ments, be  they  gears  or  bearings.  The  thinnest  of 
films  represented  in  this  region  may  be  monolayers  of 
lubricant  products  that  cither  adsorb  or  adhere  to  the 
exterior  molecular  surface  of  the  metal.  The  variables 
influencing  friction  include  the  chemical  compo- 
sition and  the  interaction  of  the  metal  and  lubricant 
combination  and  the  roughness,  lay,  and  texture  of 
the  surfaces  with  respect  to  their  rubbing  directions. 

It  is  at  the  lower  speeds  that  very  noticeable  differ- 
ences exist  in  observed  friction  between  the  arc  of  ap- 
proach and  the  arc  of  recess  of  involute  gearing.  Fig. 
4-6  depicts  a very  low  speed  measurement  of  this 
pKnomcnon  involving  a spur  gear  set  of  minimum 
attainable  profile  contact  ratio  (CR)  (Ref.  17).  The 


Tt«. 


very  low  CR  is  employed  to  study  the  extremes  of 
these  approach  ard  recess  portion  effects  without  in- 
troducing the  data  confusion  that  normally  would  oc- 
cur in  the  zones  of  double  tooth  pair  contact.  Fig.  4-6 
also  illustrates  the  dramatic  improvement  in  / that 
results  when  the  contract  ratio  is  increased.  The 
torque  Q and  pitch  diameter  Dp  being  held  constant, 
the  higher  contact  ratio  was  achieved  by  changing  the 
diametral  pitch  rd  and  the  number  of  teeth  N. 


Although  the  experiments  cited  were  conducted  in 
boundary  lubrication  conditions  that  yielded  much 
higher  /-values  for  teeth  of  coarse  pitch,  if  is  in- 
teresting to  note  thut  the  /-value  obtained  for  gears  of 
Finer  pitch  was  in  the  range  of  values  expected  Tor 
EHD  lubrication.  This  illustrates  the  importance  of 
using  gearing  of  relatively  fine  pitch  to  obtain  maxi- 
mum efficiency,  In  addition,  it  should  be  noted  that 
the  apparent  differences  in  friction  between  the  ates 
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Figure  4-6.  Angle  of  Engagement 
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of  approach  and  recess  are  masked  completely  by  the 
averaging  effect  found  in  the  zone*  of  double  tooth 
pair  contact. 

The  basic  trends  of  friction  change  in  approach 
and  roceu  action  arc  itill  valid  iti  lubrication  Region 
II.  Fig.  4-7  (Ref.  18)  represents  experimental  data 
taken  at  considerably  higher  values  of  surface  sliding 
velocity,  load,  and  lubricant  viscosity. 

Although  the  use  of  a dig'tal  computer  program  to 
examine  the  many  instantaneous  contact  conditions 
that  occur  *s  a pair  of  gear  teeth  rolls  through  mesh  is 
the  more  precise  method  of  calculating  efficiency  and 
studying  detail  design  variations,  cxcefrciiirrvsuits'- 
may  be  obtained  by  using  average  values  for  /.  The 
percent  power  loss  Pt  of  a gear  mesh  is  expressed 
(Ref.  19)  as: 

P/  * X 100  ,4b  (4-6) 

where 

M - mechanical  advantage,  dimensionless 
Values  of  M tor  various  combinations  of  pinion  and 
gear  tooth  members  arc  listed  in  Ref.  19.  For  the 
Cottisc  pitch  gear  (r^  — 4)  of  Fig.  4-6,  ihc  Fl  is: 

Pi  » X 100  » 1.76%  (4-7) 

4.6 


and  for  the  fine  pitch  gear  set  (P4  m 10)  the  fr{  is; 

P,  - x 100  - 0.40%  (4-8) 

Their  corresponding  efficiencies  tj  are  then  simply  n 
**  100:- Pt  and  wc  find: 

% “ W.24%  (4.9) 

n,  -99.60%  V 1 

where  the  subscripts  c and  /indicate  coarse  and  fine 
pitch,  respectively. 

The  frictional  differences  noted  for  approach  and 
-recs&r  zone*  of  involute  action  are  characterized,  with 
respect  to  the  driving  member,  by  the  rolling  and 
sliding  contact  motions  being  in  opposite  directions 
to  one  another  in  approach  but  in  the  same  direction 
during  recess  motion. 

The  sensitivity  of  friction  to  the  lay  and  textural 
ieatures  of  the  mating  members  in  lubrication  Region 
1 is  shown  clearly  in  Fig.  4-8  (Ref.  20).  These  data 
represent  the  results  of  experiments  conducted  on  a 
Reared  disk  test  machine  with  3.0  in.  diameter,  14.0 
in.  crown  radius,  case  carburized  and  ground,  con- 
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steel  disks.  The  circular  ground  data  were  taken  with 
disks  hasing  a circumferential  finish  of  8 pin.  and  an 
axial  finish  of  16  pin.,  while  the  ciow-ground  disks 
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Figure  4*7.  Coefficient  of  Friction  »»  Sliding  Velocity 
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Figure  4-8.  Effect  of  Surface  Texture  and 
Lay  on  Friction  sad  Scuffing  Bcfc&vior 
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had  a tficunferentiaJ  finish  of  16  pin.  and  w>  axial 
finish  of  8 pin.  Conrequci.tiy,  both  type*  had  identi- 
cal reduced  finish  number  6-values  and  hence  vir- 
tually identical  X-valuee,  but  the  cross-ground  data 
exhibited  markedly  lower /-values.  The  surface  hard- 
ness was  Rc6C-63  in  both  types,  and  the  cross-ground 
disks  were  prepared  using  grinding  techniques  nor- 
mally used  for  spur  gear  tooth  manufacture.  A cons- 
tant ratio  of  VtfVT  » 0.556  was  represented,  and  the 
lubrication  was  jet  supplied  M1L-L-7806  at  190*F. 
Therefore,  a particular  point  on  a gear  mesh  where  Vt 
"•  55.6%  of  VT  is  represented  on  this  figure  as  n 
linearly  increased  gear  speed  (rptn)  by  moving  from 
left  to  right  «,ith  increasing  f's.  Unfortunately,  these 
data  do  not  reflect  a constant  load,  but  rativsr  the 
limit  load  as  defined  by  scuffing. 

The  designer  should  be  aware  that  under  fixed 
lubricant  condition  there  is  little  be  can  do  to  control 
X at  low  speeds  aside  from  refining  the  surface  finish. 

Additional  power  lost  sources  of  a transmission 
system  include  the  accessories  and  the  oii  pump.  Ac- 
cessory power  requirements  are  fixed  by  the  indi- 
vidual helicopter  requirements,  the  exact  type  of  ac- 
cessary involved,  and  the  demand  or  duty  cycle  re- 
quired. Determination  of  scoessoty  power  require- 
ments is  discussed  in  Chapters  7 and  9.  Oil  pump  loss 
Pf  is  estinuuod  adequately  by  the  simple  equation: 


where 

F - oil  flow  rate,  gpm 
p “ discharge  pressure  at  pump  outlet,  psig 
k - conversion  constant  for  units,  5. S3  X 10  4 
n.  «■  efficiency  of  pump  (generally  from  0.5 
to  0.9),  dimensionless 

For  a 20-gpm  system  with  a regulated  discharge  of  60 
psi,  the  pump  outlet  pressure  would  be  1 20  psig  under 
typical  conditions.  For  an  assumed  pump  efficiency 
of  0.3,  the  loss  would  be: 


(20)  (120)  (5,83  X lQ-«) 
(0.5) 


2.78  hp  (4-11) 


4.1.21. 1-3  Sire 

Compact  gearbox  size  is  important  in  the  achieve- 
ment of  low  subsystem  weight  because  the  housing  or 
casing  that  encloses  the  dynamic  components  con- 
tributes a significant  proportion  of  the  total  system 
) weight.  However,  compaction  should  not  be  empha- 
sized  to  the  point  of  causing  excessive  oil  churn  and 
\windage  losses  to  the  detriment  of  efficiency.  Ref.  21 


suggests  that  ride  clearances  of  0.5  in.  or  greater 
between  gear*  and  casing  walls  result  in  negligible 
losses  due  to  oil  churn.  The  required  clearance 
between  casing  wail  and  gear  outside  diameter  in- 
creases with  increasing  values  for  such  variables  as 
arc  of  conformity,  speed  of  gear  rotation,  oil  vis- 
cosity, amount  of  oil  jetted  on  the  gear  mesh,  and  the 
amount  of  run-off  or  drainage  oil  in  the  location  at 
question.  There  are  no  formulas  for  calculating  satis- 
factory diametral  clearances,  but  some  successful 
design  applications  have  employed  valuer  of  ap- 
proximately 0.5  in.  for  2000-fpm  pitch  line  velocities 
and  3.0  in.  for  25,OUO-fpm  ve’oeities  for  180  deg  of 
conformity  and  kinematic  viscosities  below  10  oenti- 
stokes.  Even  at  these  clearances,  it  frequently 
becomes  necessary  to  provide  scrapers  or  some 
means  to  retard  vortex  generation  and  localized  re- 
circulation of  the  oil.  When  wet  sump  systems  are 
employed,  sufficient  vertical  space  must  be  provided 
to  keep  the  operating  oil  lewd  (including  the.  aerated 
or  foam  layer)  below  the  gears  and  bearings. 

4-1J.1.U  Make  Lct&ls 

The  fourth  performance  criteria  of  low  noise  ievri 

a a ..i» -fl-., 
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noise  is  usually  of  importance  only  ir  relation  to  crew 
and  passenger  comfort  levels,  while  rotor  and  engine 
noise  are  the  principal  contributor  to  the  aural  do- 
testability  of  the  helicopter.  The  fundamental  gear- 
meshing frequencies,  which  range  from  40  to  22,000 
Hz  in  present-day  gearboxes,  are  the  primary  sources 
of  noise.  Refs.  22  and  23  identify  the  magnitude  of 
the  problem  for  two  helicopters.  The  overall  heli- 
copter configuration  and  the  resulting  number  and 
location  of  gearboxes  dictate  the  areas  affected  by 
noise;  e.g.,  a tandem-rolo:  helicopter  may  have  its 
forward  transmission  located  above  the  crew  com- 
partment, resulting  in  less  favorable  noise  conditions 
in  the  passenger  area,  while  the  reverse  may  be  true 
for  a single-rotor  configuration. 

Gear  noise  may  emanate  from  the  gearbox  as  a 
result  of  forced  or  resonant  vibration  of  the  housing 
or  cases.  It  then  reaches  the  tew  or  passengers  either 
through  direct  airborne  paths  (windows,  access  pan- 
els, or  door  sells)  or  through  airframe  structural 
pathways  connected  to  the  gearbox  mounting  system. 
It  is  far  more  efficient  and  desirable  to  combat  such 
noise  at  its  source  rather  than  to  rely  solely  upon  the 
use  of  insulating  and  soundproofing  coatings  or  blan- 
kets in  the  crew  or  passenger  compartments.  The 
latter  measures  generally  add  more  weight  than 
would  be  needed  to  make  comparable  improvement 
in  the  problem  at  its  source.  Sound  insulation  also  in- 
crcrscs  maintenance  man-hours  due  to  the  need  for 
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remova!  of  th«  material  during  airframe  inapections. 
Abo,  soundproofing  efforts  often  arc  defeated  when 
tom  or  oil-soaked  materials  are  removed  and  never 
replaced. 

The  use  of  elastomeric  isolation  mounting  devices 
at  the  gearbox  and  hanger  bearing  supports  is  highly 
effective  in  reducing  structural  noise.  Airborne  noise 
should  be  minimized  by  eliminating  any  housing  or 
cue  resonance  through  use  of  proper  wall  thickness, 
shape,  or  internal  gear  or  bearing  quill  attachment 
methods.  While  it  is  virtually  impossible  to  calculate 
these  conditions  with  sufficient  accuracy  in  the  design 
stage,  they  are  lelatively  easily  measured  during  ini- 
tial component  testing,  and  corrective  redesign  then 
can  be  undertaken.  Modifications  in  the  shape  of  in- 
volute profiles  so  cs  to  change  drastically  the  funda- 
mental and  harmonic  noise  content  have  been  in- 
vestigated analytically  (Ref.  23).  However,  the  slight 
variation  in  profile  required  to  achieve  theoretical  im- 
provements was  judged  beyond  th%  present  manu- 
facturing state  of  the  art  Some  methods  for  ap- 
proximate analytical  prediction  of  resonant  per- 
formance for  relatively  simple  structural  housing 

akoRAM  MM  cJlMRAAf)  ? M t)  af  ^4 
w»»R|fvar  <w%‘  au  ruuvw  in  ax vi  • *.T. 

It  is  not  certain  that  the  elimination  of  all  interac- 
ting vibratory  and  resora<mt  behavior  in  the  various 
gear  meshes  is  entirely  beneficial;  i.e.,  some  sacrifice 
in  the  efficiency  of  the  lower  speed  (boundaiy  lubri- 
cation regime)  meshes  may  result.  The  effects  of  axial 
lubrication  upon  the  reduction  of  tooth-meshing  fric- 
tion is  reported  in  Ref.  25. 

Although  the  engineering  field  of  gearbox  noise 
generation  is  imprecise  as  yet,  there  exists  con- 
siderable general  knowledge  that  can  be  of  practical 
benefit  to  the  designer.  For  example,  it  is  known  that 
high  contact  rauo  gearing  and  finer  pitch  sizes  pro- 
duce less  noise  than  their  opposite  counterparts. 
Similarly,  helical  gears  are  quieter  than  straight 
spurs;  spiral  bevel  gears  are  quieter  than  straight 
bevel  or  Zero!  gears  because  of  their  greater  inherent 
contact  ratios,  reduced  dynamic  increments  or  waste 
loads,  and  increased  smoothness  of  operation. 

In  addition,  increaaed  gear  tooth  backlash  and 
clearance  can  help  to  maintain  subsonic  air  ejection 
velocities  from  bigh-sp^ed  meshing  teeth  (Ref.  26). 
Viscous  films  between  tationary  bearing  rings  and 
housing*  can  provide  sufficient  damping  to  reduce  vi- 
bration and  noise  propagation.  Coulomb  or  dry  fric- 
tion devices  have  been  successful  in  damping  reson- 
ant modes  in  gear  rims  and  webs,  as  have  high  hy- 
steresis materials  clad  or  bonded  to  shafts  and  webs. 

4-IJ.U  INfeMtty 

A complete  general  discussion  of  reliability  con- 
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cepts  is  contained  in  Chapter  12,  AMCP  706-201. 
This  paragraph,  therefore,  deals  with  specifics  as  re- 
lated to  mechanical  power  transmission  components 
of  the  transmission  system. 

Concept  definitions  and  numerical  values  for 
quantitative  reliability  indices  generally  are  specified 
in  procurement  documents  and,  with  increasing  fre- 
quency, in  P1DS,  For  transmission  and  drive  system 
design  there  are  two  types  of  indices: 

1 . Values  for  such  characteristics  as  mission  relia- 
bility, flight  safety  reliability,  and  system  reliability 
for  the  entire  helicopter  (usually  for  a given  mission 
and  operational  environment).  Typical  values  and 
methods  of  expression  might  be,  respectively,  0.90  to 
0.99  for  one  hour  of  mission  time,  one  failure  per  20,- 
000  flight  hours,  and  0.70  to  0.80  probability  per  mis- 
ion  hour  of  no  system  failures  requiring  unscheduled 
maintenance.  Because  the  reliability  of  the  helicopter 
is  a composite  of  the  reliabilities  of  the  individual 
subsystems,  individual  reliability  levels  must  be  as- 
signed as  targets  for  the  design  effort.  As  an  example, 
assume  the  Request  for  Proposal  (RFP)  specified 
values  of  0.98  and  0.9999  (one  failure  per  10,000  hr) 
for  mission  unu  safely  criteria,  respectively.  The  al- 
lowable apportionment  for  the  drive  system  would  be 
dependent  upon  the  complexity  and  type  of  heli- 
copter, but  typical  values  for  this  apportionment 
could  well  be  0.999  and  0.9999.  respectively. 
Techniques  for  design  to  these  requirements  will  be 
addressed  in  par.  4-2. 

2.  Values  for  subsystems  and  components  for  such 
characteristics  as  reliability  after  storage  and  mean 
time  between  removals  (MTBR).  Typical  values  are  a 
maximum  of  10%  degradation  in  mean  time  between 
failures  (MTBF)  after  storage  for  six  months  in  ap- 
proved environment  or  containers  and  1500  hr 
MTBR,  including  both  scheduled  and  nonscheduled 
removals.  This  type  cf  index  is  directly  applicable  to 
individual  subsystems,  including  the  transmission 
and  drive  system.  The  MTBF  values  subject  to  the 
10%  maximum  degradation  limit  are  those  specified 
implicitly  or  explicitly  in  Item  I,  i.e.,  the 0.90  to  0.99 
mission  reliability  carries  the  reciprocal  meaning  of  a 
10  to  100  hr  MTBF,  the  one  failure  in  20,000  hr  for 
flight  safety  is  a statement  of  20,000  hr  MTBF,  and 
the  0.70  to  0.80  probability  of  zero  system  failures  per 
hr  implies  a 3.3  to  5.0  hr  MTBF.  The  MTBF  levels 
corresponding  to  the  drive  subsytem  apportionment 
in  Item  I are  1000  hr  (0.999)  and  10,000  hr  (0.9999), 
respectively. 

It  is  important  that  the  designer  understand  that 
the  MTBR  and  MTBF  criteria  discussed  previously 
interrelate  in  a unique  fashion  with  the  subsystem 
design  reliability  when  a finite  time  between  over- 


hauls  (TBO)  is  selected.  On  the  assumption  that  nit 
transmission  and  drive  system  failures  are  oi  suf- 
ficient magnitude  (and  detectability)  to  force  a mis- 
sion to  be  aborted,  and  further  that  no  TBO 
(scheduled  removal)  requirement  is  imposed,  then  it 
follows  that  the  MTBF  *»  MT3R.  The  imposed 
requirement  of  a 1500-hr  MTBR  would  necessitate  a 
failure  rate  X £ 0.000  >7  or  a one-hr  mission  reliability 
of  0.99933  for  the  tra  emission  and  drive  system.  The 
relationships  satisfied  in  the  preceding  statements 
arc: 


X 


I 

MTBF 


hr' 


and  using  Maclaurin’s  form  of  Taylor’s 
formula 


R - exp(-X,)  » l-X 


(4-12) 


where 

R ~ reliability  (fora  I -hr  mission),  dimen- 
sionless 

However,  if  a 2500-hr  TBO  level  were  to  be  assigned, 
the  1500-hr  MTBR  could  be  satisfied  only  by  a higher 
reliability  number  (lower  failure  rate).  The  relation - 
snip  muy  w cXpicSScu  (of  1500-iif  mTSR,  a$: 


Xjuraa  * 2-  X < Xrso  + Xji/raf 


Fmtbr 

- 1 - 0.00067 

1500 

(4-13) 

\tbo 

- —5 — - 0.00040 

2500 

Therefore,  \^TBF  ^ 5^X  - \TB0  <,  0.00067 
- 0.00040  5 0.0027 


Hcncc,  the  new  MTBF  must  be  i 3704  hr  and  its  cor- 


responding reliabilty  R 2:  0.99973. 

It  is  paradoxical  that  such  factors  as  flight  safety 
reliability  and  the  increased  cost  of  overhaul  of  a bad- 
ly degraded  gearbox  (extensive  secondary  failures) 
may  fix  the  TBO  interval  at  a level  that  in  turn  re- 
quires a significant  increase  in  the  required  MTBF  to 
achieve  a specified  MTBR. 

Relationships  defined  in  this  manner  are  tacitly  as- 
sumed to  fit  a simple  exponential  failure  distri- 
bution. This  not  only  simplifies  the  arithmetic  in- 
volved, but  enables  the  designer  to  think  directly  in 
terms  of  the  inverse  relationships  between  the 
number  cf  detail  components  comprising  the  sub- 
system and  their  intrinsic  failure  rate  requirements. 
Although  many  individual  gearbox  components  are 
better  represented  by  other  distributions  — c.g., 
Weibull,  gamma,  and  lognormal  — the  averaging 
effect  on  the  subsystem  as  a whole  is  such  as  to  invite 
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cancellation  effects,  leaving  a net  MTBF  value  de- 
fined with  sufficient  precision  to  express  design  relia- 
bility requirements. 

The  “fu"  of  a given  set  of  gearbox  failure  data  to 
the  exponential  assumption  reveals  certain  charac- 
teristics of  the  system  in  question.  If  the  operating 
time  of  a group  of  gearboxes  is  sufficiently  long,  a 
definite  wear-out  trend  will  be  observed  as  a non- 
constant  or  increasing  failure  rate.  Oiw  or  more  time- 
sensitive  (wearing)  components  eventually  will  begin 
to  dominate  the  failure  picture  at  the  end  of  their  use- 
ful life  is  approached.  Generally,  those  components 
operating  in  deep  boundary  layer  lubrication  regimes 
will  be  the  first  to  influence  the  picture.  In  such  in- 
stances the  wear  will  progress  to  a state  wherein  con- 
ditions become  favorable  for  the  occurrence  of  a 
failure  mode  indigenous  to  that  new  set  of  operating 
conditions  established  by  the  partict'h.r  wear  state. 
Fig.  4-9  gives  an  example  of  a well-developed  or  de- 
bugged gearbox  with  relatively  low  TBO  that  satisfies 
the  rancom  failure  characteristics  accurately  defined 
by  the  exponential  distribution  (R*f.  27). 

Fig.  4-9  represents  a gearbox  with  a 350-hr 
scheduicu  i no,  an  MTBF  of  5C2  hr,  and  a I -hr 
reliability  of  0.9980.  However,  due  to  the  350-hr 
scheduled  removal  frequency,  the  resulting  MTBR  is 
204  hr. 

Fig.  4-10  from  Ref.  28  represents  the  distribution 
evidenced  by  a well  dc-buggcd  gearbox  with  rela- 
tively high  TBO.  In  this  cas;  the  upward  inflection  or 
concavity  of  the  data  points  reveals  the  strong  in- 
fluence of  component  wear-out  as  the  TBO  level  is 
approached. 

Similarly,  Fig.  4-10  represents  a gearbox  with  an 
1 100-hr  scheduled  TBO,  an  MTBF  of  50/ ' hr,  and  a 
one-hr  reliability  of  0.9998.  In  this  case  the  scheduled 
removal  frequency  results  in  an  MTBR  of  904  hr. 

Obviously,  design  MTBR  and  MTBF  values  are 
dependent  upon  the  designer's  knowledge  of  repre- 
sentative failure  modes  and  his  ability  to  assign 
reasonably  accurate  failure  rates.  Extensive  test  and 
service  experience  with  analogous  components  and 
subsystem  elements  is  essential  in  arriving  at  realistic 
predictions.  There  is  little  published  literature  to  aid 
the  designer,  but  the  selection  of  components  with 
known  lower  generic  failure  rates  always  should  be 
the  objective.  It  should  be  recognized  that  generic 
failure  rates  (indicative  of  the  intrinsic  reliability 
characteristic  of  any  component)  cannot  truly  exist 
apart  from  the  environment  in  which  the  component 
functions.  Some  insight  into  these  environmental  in- 
fluences is  given  in  par.  4-2. 1.1. 
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Satisfactory  failure  rate  estimates  for  rolling  ele- 
ment bearings  may  be  derived  by  several  methods, 
One  simple  but  sufficient  value  is: 


A - (1  -S)/L  .hr' 


(4-14) 


where 

5 - probability  of  survival,  dimensionless 

L * design  life  or  scheduled  removal  time 
(TBOXhr 

The  value  for  S is  reed  from  the  curve  in  Fig.  4-1 1 
corresponding  to  tbs  ratio  of  the  design  life  L to  the 
life  #|0  at  which  10%  of  the  bearing  population  will 
fait  Tbs  ff,0  value  for  a given  bearing  is  determined 
from  the  bearing  manufacturer’s  data  for  the  root 
mean  cube  RMC  load.  The  applicable  RMC  load  is 


based  upon  the  profile  of  *hc  design  mission;  i.c.,  for 
a mission  profile  of  n discrete  values  of  bearing  load 
P,  each  occurring  for  a percentage  a,  of  the  total 
operational  time: 


*MC  - |o5-/  .K>  (4-15) 

where 

E®'*  ioo 

Although  in  many  instances  the  life-load  exponent 
more  correctly  can  be  taken  as  4,  the  cube  value  is 
generally  recommended  for  determinations  of  failure 
rate  A.  ■ 
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Figure  4*11.  Probability  of  Survival  *s  L/8I0  Ratio 
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Gear  failure  rates  can  be  determined  similarly  from 
design  stress  levels.  Properly  designed  gears  in  heli- 
copter applications  will  exhibit  pitting  as  the  life- 
limiting  failure  mode  (par.  4-2.2. 1 ).  The  life-stress  re- 
lationship for  gear  teeth  is  far  more  complex  than  for 
hearing*  because  the  specific  sliding  values  generally 
are  far  higher,  more  types  of  metals  and  heat  treat- 
ments are  prevalent,  and  the  elastohydrodynamic  and 
chemical  effects  of  the  lubricant  are  known  with  less 
precision. 

Available  slrrs&-9ifc  curves  more  often  than  not  are 
based  upon  the  mean  pitting,  or  spalling,  endurance 
of  an  unknown  statistical  sample  (Ref.  29).  intensive 
research  is  underway  by  many  organisations  (ASME 
Research  Program  on  the  Relationship  of  Lubrica- 
tion and  Fatigue  in  Concentrated  Contact,  for 
example)  that  should  result  in  the  preparation  of 
mere  meaningful  stress-life  pitting  endurance  chans 
that  consider  lubrication  regimes,  materials  and 
metallurgy,  and  sliding  speeds.  The  AGMA  data  of 
Ref.  29  reflect  use  of  a stress-life  exponent  of  between 
9 and  10,  whereas  values  of  S have  been  reported 
(Ref.  30)  for  operation  in  Lubrication  Regime  1 (Fig. 
4-3).  However,  in  the  absence  of  well-documented, 
statistically -significant,  test  data,  the  AGMA  data 
should  be  taken  os  representative  of  most  gear  appli- 
cations. Use.  of  the  RMC  value  of  the  Hertzian  or 
compressive  stress  in  the  contact  area  to  obtain  the 
mean  spalling  life  from  Fig.  4-12  is  satisfactory,  al- 
though the  quartic  mean  level  has  been  shown  to  of- 
fer excellent  correlation  in  Lubrication  Regime  I. 

There  are  many  suitable  techniques  for  reducing 
this  life  to  a value  of  failure  rate  X.  One  rather  simple 
method  uses  standard  Weibull  paper  to  reduce  the 
mean  life  to  the  level  L2  at  which  2%  of  population 


will  have  failed  by  emjvlo-fiig  a dispersion  exponent, 
or  slope  of  5.3.  This  jaiher  steep  slope  is  represen- 
tative of  typical  h^copter  gear  performance  where 
excellent  quality  control  generally  results  in  lower 
population  dispersion.  Very  steep  slopes  frequently 
typify  Lubrication  Regime  I.  The  life  value  for 
98%  reliabilty  may  be  read  from  Fig.  4-13,  a Weibull 
plot.  The  resultant  failure  rate  X is  then: 

X - 0.02//. 2 (4-16) 

The  mean  value  may  be  taken  as  the  50%  or  median 
rank  foi  such  steep  slopes  without  loss  of  significant 
accuracy  in  using  Fig.  4-13. 


SPALLING  LifE.cydn 

Figure  4-12.  Spalling  Life  vs  Hertz  Stress 
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Figure  4-13.  Weibull  Plot  — SpalUag 
Life  vs  Gear  Population  Rank 
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4>IXU  MaiMahtafeUity 

A general  discussion  of  maintainability  may  be 
found  in  Chapter  11,  AMCP  706-201.  This  discus- 
sion, therefore,  treats  considerations  relating  speci- 
fically to  the  transmission  and  drive  system. 

The  basic  concept  of  maintainability  often  is 
expressed  as  a requirement  for  a specific  or  maximum 
number  of  maintenance  man-hours  per  flight  hour 
(MMH/FH).  Army  helicopters  of  a few  decades  ago 
exhibited  values  as  high  as  35  MMH/FH  while  heli- 
copters in  the  present  Army  inventory  have  values 
ranging  from  0.5  for  the  OH-58  (Ref.  31)  to  6.5 
MMH/FH  for  the  CH-54  (Ref.  32).  Small  heli- 
copters as  a rule  show  better  maintainability  values 
than  the  larger,  more  complex  machines.  However, 
the  values  for  any  given  size  of  helicopter  may  vary 
by  300%  depending  upon  design  variables.  Current 
RFP  requirements  arc  in  the  range  of  5 MMH/FH 
for  medium-sized,  twin-engine  helicopter  for  organi- 
zational, direct  support  (DS),  and  general  support 
(GS)  maintenance  levels  combined.  A value  so  stated 
must  be  apportioned  in  turn  (par.  4- 1.2. 1.2)  to  the 
various  subsystems  to  establish  individual  design 
goals. 

Achicvcmerit  of  satisfactory  maintainability  levels 
is  dependent  upon  two  factors: 

1.  High  component  reliability  (par.  4- 1.2. 1.2) 

2.  Ease  of  maintenance. 

Maintenance  is  generally  thought  cf  as  comprising 
two  categories:  nonschedulcd  (due  to  random  failure 
or  accident),  and  scheduled  (due  to  time  change  of 
wear-out  components,  interim  servicing,  and  in- 
spections). However,  all  maintenance  concerned  with 
component  change  is  discussed  herein  as  a group. 

The  generic  failure  rates  of  many  external  com- 
ponents in  the  drive  system  art-  such  that  the  com- 
ponents may  be  ranked  in  order  of  required  fre- 
quency of  removal  or  adjustment.  Components  such 
as  hydraulic  and  electrical  accessories,  rotor  brakes, 
shaft  seals,  external  hanger  bearings,  and  drive  shaft 
couplings  require  relatively  frequent  inspection  or 
maintenance  and  must  be  designed  for  ease  of 
removal  and  installation.  Accessibility  is  the  key  cri- 
terion Such  components  must  not  be  located  too 
close  to  one  another,  and  adequate  wrench  clear- 
ances must  be  provided  for  standard  tools. 

Subsystem  components  such  as  gearboxes  are 
generally  not  maintained  at  the  field  or  direct  support 
level  and,  therefore,  they  must  have  simple  and  ac- 
cessible attachments  with  structural  clearances  ade- 
quate to  permit  easy  removal  and  replacement.  The 
use  of  integral  guide  pins  or  tapered  dowels  is  recom- 
mended in  any  case  where  heavy  components  must  be 
aligned  for  the  installation  of  mounting  screws,  bolts, 


or  clamps.  N also  should  be  emphasized  that  true 
leveling  of  the  helicopter  is  seldom  achieved  for  com- 
ponent change  at  the  direct  support  level.  Therefore, 
when  heavy  components  necessitate  the  use  of 
hoisting  devices,  extra  care  must  be  taken  in  the 
design  of  al;gnmcnt  devices  and  structural  clearances 
so  as  to  reduce  maintenance  effort. 

External  shaft  seals  always  should  be  assembled  in 
easily  removable  housings  or  holders  to  permit  bench 
changing  of  the  seal  element.  Squareness,  alignment, 
and  cleanliness  practices  all  are  critical  to  the  proper 
performance  of  a seal  and  are  difficult  to  achieve 
when  the  seal  element  must  be  changed  in  place.  The 
shaft  upon  which  the  seal  operates  also  must  be  easily 
removable  because  good  practice  requires  that  the 
shaft  be  slipped  into  the  previously  installed  seal, 
allowing  the  use  of  adequate  shaft  lead  chamfers  to 
minimize  the  danger  of  seal  damage.  It  also  is  de- 
sirable to  have  the  shaft  engaged  with  the  driving 
spline  or  some  other  guiding  device  prior  to  making 
coniact  with  the  seal  to  prevent  excessive  side  loading 
of  the  seal. 

The  attachment  of  all  external  components  should 
be  such  that  one  man  can  remove  all  fasteners  and 
similar  items.  Two  examples  of  poor  design  that 
require  unnecessary  manpower  are: 

1.  Bolt-and-nut  fasteners  through  structure  where 
one  man  cannot  reach  wrenches  on  both  elements. 
Tapped  holes  on  nut  plates  arc  proper  solutions  even 
though  a larger  number  of  cap  screws  may  be  re- 
quired because  their  rigidity  or  strength  may  be  lower 
than  that  of  a boll-nut  joint. 

2.  Components  that  one  man  must  hold  while 
another  installs  fasteners.  Possible  solutions  include 
the  use  of  guide  pins,  longer  pilot  flanges,  slotted 
clearance  holes,  retaining  pins  cr  clips,  or  other  fric- 
tion devices  to  secure  the  component  temporarily. 

Components  that  require  a specific  orientation  to 
function  correctly  should  be  designed  so  that  they  can 
be  installed  only  in  that  position,  if  possible.  When 
this  is  not  practicable,  as  in  the  caw  of  some 
Government-furnished  electrical  accessories,  decals 
may  be  used  at  the  pad  location  to  provide  in- 
stallation instructions.  Examples  of  one-way  com- 
ponents are  seal  housings  with  drain  fittings,  hy- 
diaulic  pumps  that  require  line  connection  fitting 
orientation,  and  bearing  hangers. 

Components  that  require  tight-fitting  pilot  bores 
or  similar  devices  should  be  provided  with  jacking 
pads  for  removal.  One  man  can  operate  two  or  three 
jack  screws  (tightening  each  one  a little  at  a time), 
whereas  their  omission  might  necessitate  the  use  of 
two  men  to  pry  simultaneously  on  both  sides  of  a 
component  (and  possibly  a third  man  to  catch  the 


4-16 


AMCP  706-202 


component  when  it  break*  free). 

Proper  performance  of  scheduled  maintenance 
taikt  such  as  inspection  and  servicing  it  dependent  to 
some  extent  upon  accessibility  and  convenience. 
Inspection*  that  are  convenient  and  of  a go-no-go 
nature  arc  likely  to  be  performed  cn  time  and  with 
accuracy;  those  that  require  considerable  quantita- 
tive judgment  may  be  missed  or  interpreted  incor- 
rectly. 

For  example,  the  presence  of  vital  fluids  in  all  gear- 
boxes, transmissions,  and  other  reservoirs  should  be 
discernible  from  ground  level  without  opening  of 
complex  cowlings.  Min-max  oil  levels  should  be  used 
to  eliminate  the  need  for  topping  ofT,  and  the 
minimum  level  should  be  exactly  one  or  two  quarts 
below  the  maximum  whenever  possible  to  dis- 
courage the  practice  of  saving  half  a quart  of  oil  in  an 
open  can.  The  minimum  level  should  be  such  as  to 
allow  completion  of  several  additional  hours  of 
operation  at  the  maximum  likely  oil  consumption 
rate  so  as  tc  eliminate  the  need  for  adding  oil  when 
the  level  is  near  minimum. 


While  accurate  values  of  maintenance  times  for 
transmission  and  drive  system  components  are  not 
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data  arc  helpful  in  identifying  present  troublesome 
areas.  Table  4-1  presents  maintenance  workload  fac- 
tors relative  to  drive  subsystems  (Ref.  33).  The 

TABLE  4-1,  US  ARMY  HELICOPTERS  — 
TRANSMISSION  AND  DRIVE  SYSTEM  ONLY 
— MAINTENANCE  WORKLOAD  (Ref.  23) 


\ 


WORK  LOAD  RATING 

1 

PROBLEM  TITLE 

VERY 

VERY 

HIGH 

HIGH 

MED. 

LOW 

LOW 

UHMA 

TAIL  ROTOR  DRIVE  SHAFT 

X 

INPUT  DRIVE  SHAF  T 
OH  S 

X 

TAIL  ROTOR  DRIVE  SHAFT 

X 

MAIN  GEARBOX 
UH  1 

X 

INPUT  QUILL  OIL  SEAL 

X 

INPUT  DRIVE  SHAFT 
AH  1G 

INPUT  QUILL  OIL  SEAL 
CH 

X 

X 

SYNCHRONIZING  DRIVE 
shaf  r 

OH  PRESSURE 

X 

TRANSDUCERS 
CH  54 

X 

OH  COOLER  ASSEMBLE 
MAIN  GEARBOX 

X 

X 

input  carbon  seals 

ROTOR  DRAKE  SEAL  AS 

rotor  brake  support 

X 

X 

ASSf  MBLY 

X 

ROTOR  BRAKE  OISK 
ROTOR  BRAKE  PUCKS 

X 

X 

rankings  given  relate  primarily  to  other  maintenance 
factors  on  the  specific  helicopter  listed,  and  are  not  to 
be  interpreted  as  relating  the  workload  on  one  heli- 
copter model  to  that  of  another. 

4-1.2. 1.4  SsnlraMli) 

Survivability  in  transmission  and  drive  system 
operation  may  be  defined  as  the  capability  to  su- 
stain damage  without  forced  landing  or  mission  abort 
and  to  continue  safe  operation  for  a specified  period 
of  time,  usually  sufficient  to  return  to  home  base  or, 
as  a minimum,  to  friendly  territory.  The  damage  may 
occur  from  either  internal  component  failure  due  to 
wear,  fatigue,  or  use  of  a deficient  or  inferior  com- 
ponent; or  a hit  by  hostile  forces.  The  current  Army 
requirements  generally  define  the  period  of  time  for 
safe  operation  after  damage  as  a minimum  of  30  min 
at  conditions  within  the  maximum  power  and  load 
envelope,  except  in  the  case  of  total  loss  of  the  lubri- 
cation subsystem;  the  acceptable  maximum  power 
level  for  safe  operation  upon  loss  of  lubrication  is 
generally  reduced  to  that  required  for  sustained  flight 
at  the  maximum  range  speed  at  sea  level  standard 
condition. 

Survivability  following  interna!  component  failure 
can  be  enhanced  through  such  detail  design  practices 
as  identification  of  primary  failure  modes,  and  using 
configurations  and  arrangements  to  assure  kindly 
failure  modes  and  to  limit  failure  progression  rates. 
Attention  also  must  be  given  to  the  elimination  or  re- 
tardation of  secondary  failures  caused  by  primary 
failure  debris,  and  to  providing  for  positive  failure 
detection  long  before  a critical  condition  is  reached. 
Safe  operation  with  this  type  of  damage  normally  can 
be  achieved  for  durations  of  30  to  100  hr.  Design 
techniques  applicable  lo  this  goal  are  discussed  in 
pars.  4-2.1,  4-2.4,  and  4-4.3. 

Survivability  in  cases  of  combat  hits  is  considered 
coincident  with  the  reduction  of  vulnerability.  Nor- 
mal practice  is  to  design  a complete  helicopter  sur- 
vivability-vulnerability program  plan  in  accordance 
with  ADS- 1 1.  This  plan  will  include  many  elements 
peculiar  to  the  transmission  and  drive  system.  A good 
program  plan  requires  the  active  participation  of  the 
responsible  transmission  and  drive  system  design  ac- 
tivity to  assure  practicable  approaches  with  minimum 
penalties  in  u*ive  system  performance,  weight,  and 
cost. 

Reduction  of  helicopter  detectability  and  the 
defeat  of  specified  ballistic  threats  are  important  ele- 
ments in  vulnerability  redi  „tion.  With  regard  to  de- 
tectability, the  primary  area  of  concern  in  the  case  of 
the  drive  system  is  noise  (par.  4- 1.2. 1,1.4).  While  the 
lower  frequency  noise  levels  are  basically  associated 
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' with  the  rotor  and/or  tail  rotor  and  propeller,  the 
higher  frequencies  are  generally  attributable  to  the 
transmission  and  drive,  and  propulsion  systems  and 
their  accessories. 

Typical  Army  requirements  specify  a maximum 
sound  pressure  level  for  helicopter  hover  and  fly-by 
at  a specific  distance  from  the  flight  path.  Design 
goals  for  appropriate  frequencies  and  sound  pres- 
sures are  given  in  Table  4-2.  Noise  level  survey 
requirements  are  described  in  Chapter  8,  AMCP  706- 
203.  Design  techniques  to  secure  external  as  well  as 
internal  gaarbox  noise  reduction  are  discussed  in  par. 
4-1.2. 1.1.4. 


Complete  defeat  of  ballistic  threats  must  be  ac- 
complished for  smaller  caliber  ordnance,  and  damage 
minimized  as  much  as  possible  lor  the  larger  cali- 
bers. Depending  upon  requirements  peculiar  to  the 
*. . mission,  the  drive  system  components  must  be  capa- 
ble of  withstanding  a single  ball  or  armor-piercing 
..7.62-mm  bulla  at  2530  fps,  aligned  or  fully  tumbled, 
striking  at  any  obliquity  at  any  point  in  the  system. 
The  75-dcg  solid  angle  of  the  upper  hemisphere  (with 
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larger  ordnance  for  v.hich  damage  minimization 
should  be  considered  is  23-mm  high  explosive  in- 
cendiary (HEl). 

The  specific  techniques  available  to  the  designer  to 
meet  the  stated  requirements  include: 

1.  Redundancy 

2.  Design  configuration 

3.  Self-sealing  oil  sump  materials 

4.  Emergency  lubrication  considerations 

5.  Armor. 
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Redundancy  is  typified  by  multiple  engine  con- 
figurations. In  these  configurations  all  individual 
drive  subsystem  components  between  the  engines  and 
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the  collector  gear  in  the  main  gearbox  or  combining 
gearbox  dually  are  excluded  from  the  survivability 
requirement  by  nature  of  their  functional  dupli- 
cation, provided  that: 

1 . No  tingle  projectile  can  kill  all  duplicated  power 
paths 

2.  A single  power-path  kill  cannot  cause  secon- 
dary failure  of  the  duplicated  power  paths  due  to 
fragmentation  of  the  first. 

These  two  criteria  can  be  satisfied  by: 

1.  Physical  separation  of  the  drive  paths  sufficient 
to  reduce  the  impingement  angle  within  which  a 
tingle  projectile  can  produce  a multiple  kill 

2.  Sufficic,  • size  and  strength  of  the  killed-psth 
component  to  attenuate  the  projectile  velocity  below 
the  kill  threshold  for  the  second  path  component 

3.  Use  of  structure  between  the  paths  to  confine  a 
fragmented  or  loose  component  to  its  immediate 
locale 

4.  Use  of  armor  to  confine  fragments  or  prevent 
projectile  impact. 


4- i. 2.S.4. 2 Design  i oung urstion 

Configuration  is  by  fat  the  most  important  and  ef- 
ficient technique  for  reducing  vulnerability.  Many 
slight  configuration  changes  can  increase  surviva- 
bility greatly  without  serious  compromise  of  ef- 
ficiency, weight,  or  cost. 

For  example,  case  hardened  gears  with  tough, 
fracture-resistant  core  structure  have  surprisingly 
good  tolerance  to  ballistic  damage.  Spiral  bevel  gears 
and  planetary  gears,  used  effectively  throughout  the 
drive  train  of  rmall  and  medium  helicopters  arc  in- 
vulnerable to  the  7.62-mm  threat.  Planetary  ring 
gears  may  be  penetrated  so  that  the  planet  idler  gears 
cannot  mesh  at  a particular  segment,  but  the  re- 
maining gears  pick  up  the  overload  necessary  to  con- 
tinue normal  power  transmission.  The  i datively  high 
contact  r?  Jo*  and  coarser  pitch  of  spiral  bevel  gears 
t e facto,  s that  make  them  particularly  resistant  to 
failure  from  loss  of  a single  tooth  segment.  Narrow- 
face  spu.  gears  (less  than  0.3  in.)  can  be  a problem, 
and,  therefore,  it  is  desirable  to  use  greater  face 
widths  in  all  primary  power  paths. 

Experience  with  12  7-ivn  ammunition  is  less  exten- 
sive than  with  the  7.62-mi  ,i  projectiles,  but  the  same 
general  observations  hold  true  with  a slightly  larger 
scale  ot  reference.  Gear  rims,  webs,  and  integral 
outer-race  sections  of  planetary  idlers  should  be  pro- 
portioned such  that  a ricochet  entering  the  mesh  will 
deform,  fracture,  or  crack  the  gear  teeth  rather  than 
the  tooth  supporting  structure.  Extensive  obser- 
vation of  main  'otor  gearboxes  damaged  by  7.62-mm 
ball  and  armor-piercing  (AP)  ammunition  have  / 
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shown  the  digestive  capabilities  of  conventional  hel; 
copter  geering  to  be  quite  adequate  to  dischsrge  the 
■pent  bullet  into  the  oil  sump  without  functional 
failure  of  the  power  tranamiiaion  systrm. 

Integral  gear  shafts,  quill  shafts.  and  external  inter- 
connect  or  tail  rotor  drive  shaft*  must  be  of  suf- 
ficient diameter  to  withstand  edge  hits  from  fully 
tumbled  bullets  without  failure.  In  thin-wall  alumi- 
num shafts  operating  with  a minimum  of  20%  mar- 
gin on  first  whirling  critical  speed,  an  external  dia- 
meter of  3.0  in.  is  sufficient  to  defeat  the  7.62-mm 
threat  whilj  a 4.0  in.  diameter  is  necessary  to  defeat 
the  12.7-mm  threat.  Steel  shafting  may  be  con- 
siderably smaller  depending  upon  the  wall  thickness 
employed.  Of  course,  in  event  of  damage  the  remain- 
ing portion  of  the  shaft  must  have  sufficient  strength 
to  transmit  the  required  maximum  torque.If  the 
column  buckling  torque  is  300%  or  more  above  this 
torque,  t simple  shear-stress  calculation  of  the  re- 
maining post-impact  area  is  sufficient.  However, 
when  the  buckling  margin  is  lc?s,  it  is  generally  neces- 
sary to  conduct  real  or  simulated  ballistic  tests  to 
demonstrate  the  adequacy  of  the  design.  Note  that  it 


it  undesirable  to  increase  diameters  excessively  since 
vulnerability  is  then  increased  for  fuzed  round 
threats. 

Mott  ball  and  roller  bearings  are  fabricated  from 
through-hardened  steels  and,  consequently,  usually 
will  fracture  through  the  outer  ring  when  struck  by  a 
bullet  at  near-zero  obliquity.  The  surrounding  case 
and  liner  structure  serve  to  expend  soric  of  the  kine- 
tic energy  of  the  bullet;  however,  convmtiona!  thick- 
nesses of  these  structures  generally  are  insufficient  to 
prevent  fracture  of  the  bearing  ring.  Orientation  of 
the  rolling  elements  of  the  bearing  at  the  instant  of 
impact  has  much  to  do  with  the  ring  fracture  mode.  A 
zero  obliquity  hit  between  rolling  elements  fre- 
quently will  discharge  a double-fractured  “pie-slice" 
ring  segment  into  the  bearing,  while  an  aligned  hit 
often  produces  a single  outer  ring  fracture  and  fre- 
quently fractures  the  roll.ng  clement  as  well.  When 
the  design  allows,  a space  between  the  outer  gearbox 
wall  and  portion  of  the  housing  supporting  the 
bearing  liner  and  ring  is  effective  in  reducing  bearing 
damage.  Tf.is  space  provides  a place  for  the  spalling 
debris  from  the  initial  impact  to  expand  and  eject. 
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Figure  4-14.  Typical  Tall  Rotor  Gearbox  — Vulnerable 
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thereby  reducing  the  impact  shock  on  the  bearing 
king. 

Some  insight  into  useful  design  techniques  may  be 
gained  front  examining  three  configurations  of  a sim- 
ple, spiral  bevel  gear,  90-deg  tail  rotor  gearbox  as 
used  on  most  helicopters  with  single  main  rotors.  Fig. 
4-14  is  a schematic  representation  of  a typical 
minimum-weight  design  featuring  overhung  pinion 
and  gear  mountings,  designated  as  Configuration  I 
The  pinion  and  gear  are  both  in  overhung  mountings 
supported  by  duplex  bail  and  cylindrical  roller 
bearings.  A single  7.62-mm  hit  on  any  one  of  the  four 
bearings  probably  would  not  result  in  instant  func- 
tional failure;  the  bearing  would  continue  to  operate 
for  some  time  because  the  considerable  driving  tor- 
que would  break  up  and  eject  the  relatively  frangible 
rolling  elements  and  cage  of  the  damaged  bearing. 
However,  direct  hits  on  either  the  pinion  cylindrical 
roller  bearing  or  the  duplex  ball  bearing  supporting 
the  gear  would  soon  result  in  excessive  loss  of  gear 


mesh  position.  As  the  effective  radial  clearance  of 
either  of  these  beatings  increased  with  the  resulting 
rapid  bearing  deterioration,  the  operating  backlash 
of  the  gear  teeth  similarly  would  increase  while  the 
depth  of  tooth  engagement  would  decrease  cor- 
respondingly. The  probability  of  the  gear  teeth  skip- 
ping mesh  or  breaking  off  upon  application  of  sig 
nificant  yaw  control  would  be  g>cat.  Hits  on  the  out- 
board bearings  would  yield  far  lower  probability  of 
gear  mesh  failure. 

Configuration  2 is  shown  schematically  in  Fig.  4- 
15.  The  bevel  gear  set  is  identical  to  that  of  Configu- 
ration I.  Fairs  of  the  same  types  of  bearings  used  in 
Configuration  I are  now  used  to  straddle  mount  both 
pinion  and  gear  members.  In  this  configuration  the 
increasing  radial  clearance  in  any  bearing  sustaining 
a hit  will  result  in  less  deterioration  of  the  gear  mesh, 
with  a corresponding  decrease  in  the  probability  of 
gear  failure  upon  sudden  yaw  control  input.  A gear- 
box of  this  configuration  designed  for  tail  rotor 
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Figure  4-15.  Tail  Rotor  Gearbox  — 7.42  mm  Proof 


steady  hover  power  of  more  than  130  hp  would  be 
judged  capable  of  the  required  30  min  operation  sub- 
sequent to  a 7.62-mm  bullet  impact.  However,  the 
probability  of  functional  failure  after  receiving  a 

12.7-mm  h.t  would  be  quite  high  unless  the  bearing 
and  gear  components  were  inordinately  large. 

Configuration  3 is  shown  schematically  in  Fig.  4- 
16.  This  configuration  has  been  arranged  to  defeat 

12.7-mm  threats  with  far  less  weight  penalty  than 
would  be  incurred  by  oversizing  the  elements  of  Con- 
figuration 2.  The  overhung  mounting  of  Con- 
figuration I and  the  straddle  mounting  of  Con- 
figuration 2 have  been  combined  in  this  redundant  or 
composite  system.  Both  pinion  and  gear  members  are 
supported  by  two  conventional  cylindrical  roller 
bearings  and  one  duplex  bail  bearing  pair.  Emergen- 
cy thrust  shoulders  are  incorporated  on  the  shafts 
adjacent  to  the  integral  roller  bearing  inner  race- 
ways. Sufficient  nxial  clearance  should  be  provided 
between  the  roller  elements  and  the  inner  race  thrust 
shoulders  or  flanges  to  preclude  contact  under  nor- 
mal operation  conditions  (including  extreme  cold 


when  the  light  alloy  housings  have  contracted  rela- 
tive to  the  steel  shafts).  Ho  vever,  upon  functional 
failure  of  either  duplex  ball  hearing,  emergency  axial 
location  is  provided  by  these  thrust  flanges.  Use  ot  a 
thioc- bearing  system  p.  mits  total  functional  loss  of 
any  one  bearing  without  seriously  compromising  the 
operating  parameters  of  the  gear  mesh,  however, 
bearing  alignment  becomes  more  critical.  As  a result, 
one  bearing  of  the  three-bearing  system  must  be  de- 
signed with  greater  interna!  clearance  than  normal. 
The  spiral  bevel  gear  set  shown  in  Fig.  4-16  has  been 
enlarged  slightly  relative  to  the  geat  set  shown  in  the 
prior  two  configurations  to  decrease  vulnerability  to 

52.7-mm  hits  directly  in  the  gear  elements. 

While  numerous  other  configurations  and  types  of 
bearings  can  be  used  to  accomplish  the  same  ob- 
jectives, the  logic  used  to  provide  inherent  surviva- 
bility lemains  unchanged.  Similar  principles  should 
govern  the  design  of  the  entire  drive  subsystem.  Their 
application,  of  course,  becomes  more  involved  as  the 
complexity  of  the  gearbox  design  increases. 

AH  shaft  couplings,  joints,  hanger  bearings  or 
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pillow  block  housings.  tail  rotor  and  intermediate 
resin  gearboxes,  nisd  input/output  quill  assemblies 
%nust  be  j >ined,  retainer!,  or  mounted  with  a suf- 
*rtcicnt  number  of  redundant  fasteners  to  preclude 

1 loss  of  function  fiom  a tingle  projectile.  For  well 
separated  attachment  points,  four  fasteners  often  suf- 
'Tice.  However,  rotating  shaft  joints  and  couplings 
often  require  six  or  more  fasteners.  Frequent  use  of 
flanges,  ribs,  and  abrupt  section  changes  in  castings, 
housings,  a i similar  structures  provide  effective 
stoppage  of  crack  propagation,  while  enhancing  heat 
rejection  to  the  atmosphere.  Internal  ribs  in  oil  sump 
areas  are  desirable  because  of  the  possibility  of 
cracking  by  hydraulic  rant  effect  in  the  oil  as  well  as 
by  projectile  impact. 

4-IX1.4J  Sdterihc  Suns#* 

Another  design  technique  involves  the  use  of  self- 
scaling materia!?  in  the  gearbox  oil  sump  area.  The 
inost  efficient  material  now  available  is  defined  as 
Type  II  in  MSL-T-5579,  This  rubberized  self-sealing 
compound  originally  was  developed  for  fuel  cells  and 
can  be  fabricated  to  defeat  either  the  7.02-mm  or  the 
1 2.7 -mm  threat.  Another  excellent  defense  material 
for  7.62-mm  thieat  is  a cast  urethane  coating  ap- 
proximately 3/8  in.  thick.  With  the  latter  material, 
(he  design  of  the  sump  should  be  relatively  simple,  as 
in  a casting  cope  where  the  drag  may  ►t  witharawn 
without  use  of  breakaway  core  prints  The  cart 
coating  contracts  after  pouring  and  high  residual 
comprcrtivc  stress  results.  This  prestressed  resilient 
coat  then  shrinks  to  close  completely  the  hole  leU  by 
the  piercing  bullet.  The  coating  is  relatively  dense  (2.0 
Ib/ft1  for  the  7.62-mm  threat),  and  also  serves  as  an 
excellent  heat  insulator  and  noise  and  vibration 
damper.  Its  density  is  such  that  the  rurfacc  area  to  be 
coated  should  be  kept  to  a minium  to  reduce  the  at- 
tendant penalty  on  sizing  of  the  oil  cooling  system. 
Flat  shallow  oil  pans  and  srmps  often  provide  the 
most  efficient  configurations. 

The  various  shaft  seels  must  be  designed  so  that  a 
direct  hit  cannot  cause  all  the  oil  to  leak  from  a gear- 
box. This  may  be  accomplished  by  using  aonrubbing 
labyrinth  or  (linger  seals  in  series  with  the  con- 
ventional contacting  face-  or  lip-type  of  sea!  and  by 
limiting  the  oil  flew  rate  at  the  inboard  seal  face  to  a 
minimum. 

Where  external  oil  coolers  and  lines  are  used, 
current  specifications  often  require  the  use  of 
emergency  oi>  :*•  m-off  valves  to  divert  the  oil  directly 
back  to  the  transmission  lubrication  distribution 
system  in  the  event  of  a cooler  or  line  hit,  thus  pre- 
venting total  loss  of  oil.  One  ?uch  device  is  defined  ii. 
Ref.  34. 


4-U.I.44  Etnergeacy  Lwfcrkatk* 

\ le  preferred  method  of  reducing  vulnerability  is 
to  assure  fail-safe  or  emeigency  lubrication  in  the 
event  of  total  loss  of  the  normal  lubricant  supply 
This  capability  must  albw  continued  safe  operation 
for  30  min  at  minimum  cruise  power  at  mission  gross 
weight.  Oil  dams,  wicks,  and  other  means  of  re- 
taining a minimum  oil  supply  in  the  critical  bearing 
a teas  ere  simple  techniques  to  employ.  Ball  and  roller 
bearing  cages  may  be  fabricated  ftom  sacrifxislly 
wearing,  self-lubricating  composite  materials  (Ref. 
35)  such  as  polyimides,  Teflon-filled  Fiberglas 
matrices,  and  silver-plated,  high-temperature  steel. 
The  US  Army  Ballistic  Research  Laboratories  (BRL) 
has  demonstrated  composite  idler  gears  that  wear  off 
on  meshing  drive  gears,  thus  providing  a form  of  gear 
tooth  lubrication  (Ref.  36). 

Ref.  37  reports  a successful  application  of  a grease 
developed  specifically  for  helicopter  gear  and  bearing 
lubrication.  However,  the  norma!  lubricants  (Ml L-L- 
7808  or  MIL-L-23699)  serve  the  equally  important 
functions  of  reducing  friction  and  cooling.  Ref.  38 
describes  the  requirement  that  thermal  equilibrium 
for  the  new  "dry"  running  condition  be  established  to 
achieve  30-min  safe  operation  after  loss  of  the  cooling 
oil.  The  equilibrium  cun  be  established  only  by  main- 
taining adequate  running  clearances  and  backlash  in 
the  bearings  and  gears  in  the  presence  of  the  therms) 
gradients  that  exist  in  the  “dry”  condit.on,  with  its 
altered  frictional  heat  sources  and  modified  con- 
duction, radiation,  and  convective  heat  rejection 
paths.  The  emergency  “friction  reducing”  lubricants 
can  be  of  value  in  sustaining  safe  operation  only  in 
such  a case.  If  a gear  or  bearing  loses  running 
clearance,  a rapidly  degenerative  sequence  of  events 
results  in  catastrophic  failure.  Loss  of  operating 
clearance  results  in  abnormally  high  heat  generation 
because  the  gear  teeth  and  bearings  operate  under  in- 
terference conditions  with  attendant  overloads.  This 
heat  generation  in  turn  produces  an  increase  in  the 
thermal  gradients,  resulting  in  a further  increase  in 
overload  and  interference  until  the  bearings  seize  or 
the  gear  teeth  g ;t  so  hot  that  they  undergo  plastic 
failure.  Specific  methods  of  preventing  such  oc- 
currences are  discussed  in  par.  4-4.4  3.  The  general 
recommended  design  procedure  (Ref.  38)  is  as 
follows: 

1.  Design  for  minimal  frictional  losses  commen- 
surate witn  available  manufacturing  ability. 

2.  Calculate  frictional  losses  for  the  “dry  running” 
regime.  An  average  friction  coefficient  / * 0.16  is 
suggested  for  the  first  approximation.  Use  this  value 
with  the  mean  values  for  sliding  velocity,  ar.d  load  in 
the  gear  meshes  and  bearing  contact  areas. 
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3.  Construct  a thermal  map  with  probable  steady- 
state  “dry  running"  temperature  gradients. 

4.  Redesign  all  gear  an©  bearing  elements  to 
provide  some  clearance  under  the  mapped  gradients. 
Added  clearance  should  be  provided  at  high-rate  fric- 
tional heating  sources  to  accommodate  transient  con- 
ditions. For  example,  relieving  clearance  will  not  be 
provided  by  expansion  of  the  gear  case  until  the  in- 
creased heat  generated  by  dry  operation  has  heated 
the  cax. 

5.  Use  materials  with  adequate  hot  hardness  and 
friction  properties  for  thermally  vulnerable  com- 
ponents. 

6.  Provide  self-lubrication  of  bearings  where  pos- 
sible. Methods  include  the  use  of  suitable  cage 
materials  or  the  use  of  appropriately  located  wick  de- 
vices. 

7.  Rc-caiculatc  bearing  lives  and  gear  stresses  for 
the  increased  clearance  conditions  occurring  during 
operation  in  the  normal  lubrication  regime.  Adjust 
design  parameters  accordingly;  i.e.,  increase  face 
widths  or  pitch  of  gear  mtmbcis,  along  with  bearing 
capacities,  as  required. 


\ 4-U.1.4J  Amor 

*»•»'  In  some  cases  it  may  be  appropriate  to  employ  ar- 
mor plate  to  protect  the  vulnerable  component.  This 
design  technique  is  the  least  preferred  because  it  adds 
weight,  increases  maintenance  task  times,  and 
penalizes  the  full-time  payload. 

In  such  applications,  integral  armor  is  preferred 
over  parasitic  or  bolt-on  armor.  Not  only  is  the 
weight  penalty  slightly  less  with  integral  armor,  but 
the  pitfalls  of  increasing  payload  at  the  expense  of  ar- 
mor removal  wi|j  he  eliminated.  For  most  ap- 
plications dual-hardness  steel  armor  will  be  the  most 
efficient  type  to  integrate  because  it  can  be  rolled, 
welded,  bolt-fastened,  or  integrally  cast.  Design  of  ar- 
mor installations  is  discussed  in  detail  in  Chapter  14. 


4-UJ  Drive  System  Configurations 
The  specific  requirements  for  the  drive  system  are 
dictated  by  the  detailed  configuration  layout  and 
vehicle  requirements.  AMCP  706-201  sets  forth  the 
evolution  of  an  Approved  preliminary  design  con- 
figuration, which  will  include  detailed  requirements 
for  transmission  subsystem  power  input  and  output 
drives;  i.e.,  the  speeds,  powers,  location,  and  relative 
orientation  of  these  drives.  Typical  configuration 
requirement!  for  existing  Army  helicopters  are  dis- 
cussed further  in  the  paragraphs  that  follow. 

\.  4-l^.i  Sl%f e Mate  Rotor  Drive  System 

\ The  majority  of  helicopters  in  current  use  are  of  the 

\ 
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single  main  rotor  configuration  and  are  powered  by 
either  one  or  two  engine*.  A shaft-driven,  single- 
lifting-rotor helicopter  always  employs  antitorque 
reaction  and  thrust  device  to  counteract  main  rotor 
driving  torque  and  to  provide  yaw  control  for  heli- 
copter maneuverability.  A shaft-driven  tail  rotor  lo- 
cated at  the  aft  end  of  the  tailboom  and  arranged  as 
either  a pusher  or  a tractor  propeller  is  used  most 

commonly. 

The  tail  rotor  shaft  is  driven  through  a 90-dcg  bevel 
gear  set  that  in  turn  is  driven  from  the  main  rotor 
gearbox  by  a long  driveshaft  or  series  of  connected 
driveshafk.  The  power  takeoff  from  the  main  rotor 
gearbox  for  the  tail  rotor  is  geared  to  the  main  rotor 
drive  downstream  of  the  output  side  of  the  free- 
wheeling or  overrunning  clutch  located  between  the 
engines)  and  the  main  rotor  gearbox;  this  ar- 
rangement permits  full  yaw  maneuver  capability 
during  auto -rotation  or  engine-out  operation. 

Accessory  drive  requirements  vary  extensively  and 
are  dependent  upon  the  primary  vehicle  mission  and 
helicopter  size.  These  drives  muy  be  mounted  on  the 
main  gearbox  or  isolated  in  an  accessory  gearbox  that 
is  driven  by  a shaft  from  the  mair.  gearbox.  Secon- 
dary accessory  elements  may  be  driven  from  the  tail 
rotor  driveshaft.  Table  4-3  identifies  certain  con- 
figuration characteristics  for  the  single  main  rotor 
helicopters  io  current  Army  use. 

It  should  bt  noted  that  accessory'  requirements  in- 
crease with  the  size  of  the  helicopter.  Light  observa- 
tion helicopters  (LOK's)  have  few  accessory  require- 
ments and  possibly  no  drive  t^undancy.  In  gr-  end, 
these  helicopters  may  be  flown  safely  without  hy- 
draulic boost  of  the  flight  controls,  and  the  battery 
suffices  for  emergency  electrical  supply  in  the  event  of 
failure  of  the  engine-driven  generator. 

Utility  helicopters  (UH)  frequently  require  redun- 
dant hydraulic  pump  and  electrical  generator  drives 
due  to  the  magnitude  of  the  rotor  control  loads  and 
the  increased  electrical  loads  attendant  upon  the 
larger  amounts  of  instrumentation,  electronics,  and 
mission-essential  equipment. 

Cargo  helicopters  (CM)  often  must  have  auxiliary 
power  unit  (APU)  for  ground  operation  and  check- 
out of  electrical  and  hydraulic  subsystems.  It  is  com- 
mon practice  to  employ  an  independent  accessory 
gearbox  driven  through  overrunning  clutches  from 
both  APU  and  main  rotor  gearbox  to  permit  ac- 
cessory operation  from  either  power  source. 


4-U.U  Ma)t»?ttof-ro$®»  Drive  Systems 
Multilifting-rotor  helicopters  have  been  designed 
and  tested  in  many  configurations  — such  as  fere  and 
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TABLE  44.  HELICOPTER  DRIVE  SUBSYSTEMS  — SINGLE  MAIN  ROTOR 


NOTES: 

■A  ONE  ACCESSORY  PAUHN  main  GEaRbOX,  4,200  rpm.  FOR  TACHOMETER  GENERATOR. 

7^  ONE  ACCESSORY  PAD  ON  MAIN  GEARBOX.  4.200  rpm,  TACHOMETER  GENERATOR  AND  HYDRAULIC 
PUMP  IN  SERIES. 

^ 4 OR  S PADS  ON  MAIN  GEARBOX;  -2  OR  3,1,200  rpm  FOR  TACHOMETER  GENERATOR  AND  1 OR  2 

HYDRAULIC  PUMPS;  2,  6.S00  rpm  OR  1 EACH  6,600  AND  6,000  rpm,  DC  GENERATOR,  ALTERNATOR, 
COOLING  FAN  DEPENDING  ON  CONFIGURATION. 

A 2 AC  GENERATOR.  8,000  ipm;  3 HYDRAULIC  PUMPS;  3.700  rpm,  2 LUBE  PUMPS,  2,500  AND  3,700  rpm; 
AND  TACHOMETER  GENERATOR,  3,900  rpm. 

A ACCESSORY  G.B.  POWF.R  TAKEOF F , 6,020  rpm;  SERVO  PUMP.  4,500  rpm,  TACHUMETER  GENERATOR. 
4,200  rpm. 

/S\  2 ACCESSORY  GENERATORS,  8,000rpin,  4 HYDRAULIC  PUMPS,  2 4,3)0,  1 EACH  3,700  AND  3,200  ipm; 
AUXILIARY  SERVO  PUMP  . 3.7UU  rpm. 

/K  ENGINE  COMBINING  GEARBOX  APPROXIMATELY  6:1;  1 SPUR  AND  2 HELICAL  STAGES 
A 1 S^UR  AND  1 HELICAL  ST  AGE. 
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aft  dispouid,  laterally  disposed,  coaxial,  and  quadri- 
lateral main  rotor  arrangements.  AH  of  these  layouts 
feature  counter-rotation  of  even  numbers  of  main 
rotors  to  caned  the  torque  reactions  and  hence  eli- 
minate the  requirement  for  nonlifting  antitoique 
devices.  All  multirotor  helicopters  require  rotor  syn- 
chronization, which  usually  is  accomplished  by  inter- 
connect shafting  between  the  individual  main  rotor 
gearboxes,  or  by  dual-output  reversing  reduction 
gearing  in  the  case  of  the  coaxial  configuration.  In  in- 
stances where  separate  engines  are  located  at  each 
main  rotor  gearbox,  the  cross-shafting  supplies 
power  to  each  rotor  for  engine-out  operation.  In  any 
instance,  the  interconnect  drive  is  essential  to  safety 


of  flight,  requiring  reliability  comparable  to  that  cf 
the  main  rotor  mast  and  thrust  bearing.  The  inter- 
connect drive  is  located  downstream  from  the  engine 
free-wheeling  clutches. 

The  only  muUiliftsn,<t-rotor  helicopter  in  current 
use  by  the  US  Army  is  the  tandem-rotor  CH-47.  This 
helicopter  features  twin  engines  of  2650  hp  at  15,160 
rpm.  The  engines  are  located  in  outboard  nacelles 
high  on  either  side  of  the  aft  third  of  the  fuselage. 
They  drive  directly  into  90*dcg  reduction  pa.! boxes 
that  drive  into  a combining  gearbox  oho  with  90-dcg 
shaft  angle  spiral  bevel  geai  A T\  combining  box  is 
an  integral  part  of  the  interconnect  synchronizing 
drive  to  the  forward  and  aft  rotor  gearboxes.  These 
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rotor  gearboxes  each  feature  a siigle  spiral  bevel  and 
two  planetary  reduction  stages  with  final  output  at 
230  rprn.  The  accessories  are  all  located  at  the  aft 
main  rotor  gearbox  and  consist  of  oil  cooler  blower, 
two  electrical  generators,  and  two  hydraulic  pumps. 

4-1 .2.2  J Compound  Hdkopw  Drire  Systems 

Compound  helicopters  are  those  that  use  auxiliary 
propulsion  devices  other  than  the  main  lifltnf  rotors 
in  the  forward  flight  mode.  The  majority  of  such 
designs  have  featured  a single  main  lilting  rotor,  an 
antitorque  rotor,  and  either  turbojet  engines  or  shaft- 
driven  propellers  for  auxiliary  propulsion. 

The  only  compound  helicopter  to  undergo 
development  test  for  Army  use  has  been  the  AH-56. 
It  was  powered  by  a single  3450-hp  engine  driving 
directly  into  the  main  rotor  gearbox.  A spiral  bevel 
gear  stage,  a compound  planetary,  and  a simple 
planetary  provide  the  reduction  gearing  for  the  main 
rotor.  A spur  takeoff  located  at  the  engine  input  to 
the  main  rotor  gearbox  drove  a shaft  running  along 
the  top  of  the  tailboom.  This  shaft  drove  the  pusher 
propeller  at  the  end  of  the  tailboom  directfy;  and 
through  a 90-dcg  shaft  angle  spiral  bevel  gear  set  also 
drove  the  antitorque  rotor.  Accessories  were  mount- 
ed at  the  mam  rotor  gearbox  and  consisted  of  two  hy- 
draulic pumps  and  a high-speed  generator. 


4-1 J TRANSMISSION  DESIGN  AND  RATINC 
CHARACTERISTICS 


All  dements,  components,  and  subassemblies  of 
the  transmission  and  drive  system  are  subject  to 
varying  degrees  of  wear,  abuse,  fatigue,  and  other  en- 
vironmental hazards.  In  many  instances,  standard 
components  will  provide  acceptable  performance  for 
a given  drive  system  design  at  a savings  in  cost,  ease 


Af  pf55yrc!T.cnt,  logistics,  sod  ro&ir 


haw  rwimi 


specially  designed  components.  However,  the 
designer  must  have  a thorough  understanding  of  the 
likely  failure  modes  of  standard  components  (pars.  4- 
2.1  and  4-2.2)  and  the  pertinent  life-load  oi  life- 
environment  rel/tionships. 

It  is  customary  to  specify  an  input  torque  limit  for 
a helicopter  main  rotor  gearbox.  Indicated  to  the 
pilot  by  a torquemeter  red-line,  this  limit  may  be 
lower  than  the  sea-level-standard  rating  of  the 
engine(s). 

Depending  upon  such  factors  as  helicopter  type 
and  design  mission,  the  red-line  torque  usually  is 
specified  as  a continuous  rating,  or,  in  rare  instances, 
a 5-min  rating.  A 5-min  limit  may  be  specified  for 
emergency  operation  only.  A time  limit  is  imposed 
because  sufficient  cooling  capacity  is  not  available  lor 
extended  operation,  lubricants  may  be  degraded,  or 


simply  to  achieve  longer  life  of  drive  system  com- 
ponents. Sufficient  cycles  will  be  accumulated  at  the 

3- min  rating  during  the  servioe  life  of  the  drive  sub- 
system to  require  the  same  bending  fatigue  gear 
design,  i.c.,  infinite  life,  as  would  be  required  for  a 
continuous  rat  ig  at  the  same  red-line  limit. 
Although  a 5-min  drive  system  rating  docs  not  usual- 
ly impair  the  operational  capability  of  a helicopter 
with  a typical  speed-power  relationship  (Fig.  4-17), 
current  Army  specifications  include  a continuous 
drive  sytem  rating.  A typical  requirement  would  be  a 
continuous  rating  of  the  main  transmission  equal 
either  to  1 20%  of  the  power  required  to  hover  out-of- 
ground-effect (HOGE),  zero  wind,  at  the  density  alti- 
tude defined  by  4000-ft  pressure  altitude  and  95CF,  or 
to  100%  of  the  intermediate  power  rating  of  the 
enginefs)  at  sea  level  and  95°  F.  The  effects  of  power 
ratings  upon  life,  overhaul,  and  selection  of  standards 
are  discussed  in  the  paragraphs  that  follow. 

4- 1  J.I  Power /Ufe  Interaction 

The  mechanical  failorcs  of  interest  to  the  drive  sub- 
system designer  usually  exhibit  a definite  relationship 
between  life  and  power.  The  life-limiting  failure  mode 
of  primary  concern  for  a developed  and  serviceable 
gearbox  is  pitting  or  spa'liug  of  the  gears  and 
bearings  (par.  4-2.1).  However,  the  life/power  re- 
lationship for  this  mode  of  failure  is  not  reckoned 
with  easily  due  to  the  many  factors  that  govern  the 


Figure  4-17.  Typical  Speed-Power  Function 
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relationship.  The  metal  chemistries,  heat  treatments, 
lubricants,  loads,  specific  sliding  ratios,  velocities, 
temperatures,  geometric  shapes,  surface  textures  and 
roughnesses  gearbox  deflections,  and  lubricant 
chemistry  (including  water  content,  and  other  con- 
taminants) alt  influence  the  life  of  the  surfaces  in  con- 
tact, or  more  properly,  in  conjunction.  It  is  not  un- 
usual to  observe  dramatic  life  differences  between 
two  supposedly  identical  gearboxes  when  but  one  of 
the  given  variables  is  changed  by  manufacturing 
scatter,  operating  variability,  system  wear,  or  en- 
vironmental factors. 

In  a complex  system  of  gears  and  mixed  bearing 
types,  it  is  generally  acceptable  to  use  Miner’s  rule  of 
cumulative  damage  in  a simplified  form  for  life  pre- 
diction. A representative  root-mean-cube  power  level 
is  calculated  from  the  assigned  mission  profiles  using 
Eq.  4- 15.  The  value  of  compressive,  or  Hertz,  stress 
5,  corresponding  to  the  RMC  power  or  load  is  then 
calculated,  and  the  life  determined  from  an  appli- 
cable S-N  curve. 


The  Hertz-stress/life  relationship  varies  signifi- 
cantly (Fig.  4-18).  Each  function  shown  results  from 
data  representing  a particular  set  of  design  and 
operating  variables.  The  wide  variance  among  these 
functions  emphasizes  the  danger  in  the  use  of  a 
Kertz-stress/life  function  without  consideration  of 
the  assumptions  and  test  conditions. 

Because  calculated  Hertz  stress  is  an  exponential 
function  of  load,  little  generality  is  lost  by  assuming 
exactness  for  the  RMC  life-load  relationship  and 
selecting  an  appropriate  classic  or  modified  stress-life 
function  to  predict  the  life  of  any  particular  conjunc- 
tion whose  variables  are  most  nearly  represented  by 
the  chosen  function. 

As  an  example  of  the  selection  and  application  of 
an  RMC  power,  consider  the  three-mission  profile 
spectra  shown  in  Fig.  4-19.  The  UH-1H  and  AH-1G 
power  histograms  were  constructed  from  flight 
recorder  data  (Ref.  43).  The  third  histogram  was  con- 
structed using  the  fatigue  spectrum  supplied  with  a 
recent  Army  RFP  for  a helicopter  with  a mission  role 


i - AGMA  4U.G2  GRADE  2 SPUR  AND  HELICAL  GEARS 

II  - GROUND  AND  CARBURIZED  AMS  6265  SPUR  GEARS  (REF.  39) 

III  - SAME  AS  II  BUT  HONED  FINISH  (REF.  39) 

IV  -ASME  DISCS  30%  SLIP,  CYM  52100,  POLISHED  (REF.  40) 

V - GROUND  AND  PEENED  CARBURIZED  AMS  6265  SPIRAL  BEVEL  GEARS  (REF.  41) 

VI  - BACHA  ROLLERS,  LINE  CONTACT  (REF.  42) 


Figure  4-18.  Gear  Stress  vs  Life  Curves 
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Figure  4-19.  Shift  Horsepower  Spectra  Histograms 


similar  to  the  AH-1G  but  powered  with  twin  ad- 
vanced technology  engines.  The  red-line  and  flight 
profile  powers  corresponding  to  this  fatigue  spec- 
trum are  taken  from  Fig.  4-17.  The  RMC  powers  for 
the  three  spectra  are:  UH-IH,  714  hp;  AK-1G,  827 
hp;  and  RFP,  1939  hp;  representing  63%,  75%,  and 
69%,  respectively,  of  the  red-line  powers  for  the  three 
helicopters.  However,  because  the  sea  level  standard 
in.ermedip.te  power  ratings  of  the  engines  for  the 
three  hel.copters  are  1400  hp,  1400  hp,  and  3000  hp, 
respectively,  the  RMC  powers  represent  51%,  59%, 
and  65%,  respectively,  of  installed  engine  power. 

On  the  assumption  of  no  changes  in  lubrication 
state  with  advancing  wear,  the  stress-life  functions  of 
Fig.  4-18  predict  differences  in  the  expected  service 
lives  of  the  same  transmission  system  used  in  UH-1 H 
and  AH-IG  helicopters  based  upon  their  respective 
RMC  powers.  For  purposes  of  comparison,  assume 
that  the  red-line  power  corresponds  to  a maximum 
stress  Sc  m 200,000  psi  in  a particular  gear  mesh. 
Because  the  Hertz  strest  in  a spur  gear  is  propor- 
tional tc  the  square  root  of  the  load,  which  in  con- 
stant speed  operation  is  proportional  to  the  trans- 
mitted power,  the  stress  under  RMC  and  red-line 
power  w be  related  by  the  square  root  of  the  power 


ratio.  Thus  the  stresses  under  the  power  for  the  UH- 
IH  and  AH-IG,  respectively,  will  be: 

(Sf)  VH.IH  - (0.65)^(200,000)  - 161 .200  psi  (4- 1 7) 
and 

&Wig  - (0.75)^  (200,000)  - 173,200  psi  (4-18) 

Curve  1 of  Fig.  4-18  indicates  predicted  lives  of  ap- 
proximately 2.0  X 10*  and  6.5  X 10*  cycles  for  the 
stress  levels  of  Eqs.  4-17  and  4-18,  respectively. 
However,  Curve  II  indicates  values  of  1 .$  X 10*  and 
9.0  X 10’  cycles,  respectively.  Thus,  the  life  predicted 
for  the  AH-IG  (Eq.  4-18)  by  Curve  I is  7.22  times  the 
life  predicted  by  Curve  II.  Also,  with  Curve  I the  life 
predicted  for  the  UH-IH  (Eq.  4-17)  is  3.0  times  that 
for  the  AH-IG,  while  from  Curve  II  the  ratio  is  only 
1.67.  Clearly,  it  is  essential  that  a stress-life  (S-N) 
curve  used  represent  accurately  the  design  and 
operating  conditions  if  a reasonably  accurate  life  pre- 
diction is  to  be  achieved. 

The  apparent  large  increase  in  life  at  equal  values 
of  stress  for  the  spiral  bevel  p,e?.r  in  comparison  with 
the  straight  spur  gear  (Curve  V vs  Curve  Hi)  can  be 
explained  best  by  the  difference  in  the  assumptions 
used  in  the  calculation  of  the  contact  stresses.  The 
spur  gear  analysis  is  based  upon  a cylindrical  contact 
assumption  wherein  the  ratio  of  peak  to  mean  com- 
pressive stress  is  4/x  or  1 .27324.  The  sprial  bevel  gear 
analysis  is  based  upon  an  ellipticb'  contact  as- 
sumption wherein  the  ratio  of  peak  to  mean  com- 
pressive stress  is  1 .5.  Although  neither  assumption  is 
really  valid,  the  ratio  of  the  peak  stress  for  the  bevel 
gear  to  that  for  the  spur  is  1 .178  for  equal  bearing  or 
cuniati  areas.  This  margin  accounts  for  roughly  half 
the  stress  difference  between  the  two  curves  at  a se- 
lected life  of  1.3  X 10*cycles.  Additional  gain  can  be 
attributed  to  the  shot  peening  process  that  was  ap- 
plied to  the  spiral  bevel  sets  (Curve  V)  but  not  to  the 
otherwise  comparable  spur  gears  (Curve  III). 

4-1 J. 2 Tramaisriott  Overhaul  Life  Rating 

The  various  gearboxes,  driveshaft  assemblies,  and 
bearing  hangers  that  comprise  the  typical  drive  sub- 
system of  Army  helicopters  in  the  past  may  have  had 
widely  differing  times  between  overhaul  (TBO).  Main 
rotor  gearbox  TBO's  ranged  from  500  to  1200  hr,  tail 
rotor  gearbox  and  bearing  hanger  TBO's  were  as  high 
as  1600  hr.  and  driveshaft  assembly  and  accessory 
gearbox  TBO's  ranged  from  several  hundred  hours  to 
unlimited  intervals  based  upon  conditional  over- 
haul. 

Specifications  for  next-generation  US  Army  heli- 
copters call  for  much  higher  (3000-4500  hr)  MTBR 
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without  dictating  TBO  values.  However,  using  the 
relationships  of  par.  4- 1.2. 1.2,  application  of  a 2000- 
hr  TBO  requires  attainment  of  a 6002-hr  MTBF  to 
achieve  the  ISOO-hr  MTBR  (par.  4- 1.2. 1.2).  Al- 
though this  MTBF  concerns  or.ly  failures  of  suf- 
ficient importance  to  cause  gearbox  removal,  it  can- 
not be  attained  easily. 

The  ultimate  design  goal  is  conditional  removal 
without  scheduled  TBO  levels.  Achievement  of  this 
goal  requires  the  use  of  reliable  and  thorough  diag- 
nostic techniques  (par.  4-2.4.2)  and  failure  modes 
with  low  rates  of  progression  so  operation  can  con- 
tinue at  least  short-term  without  compromise  of  safe- 
ty of  flight. 

The  question  of  s cost-effective  overhaul  time,  one 
that  balances  the  increased  cost  of  overhaul  due  to 
possible  extensive  secondary  damage  and  conosion 
against  the  loss  of  residual  useful  life,  is  beyond  the 
scope  of  this  document.  A cost  analysis  of  TBO  based 
upon  direct  and  indirect  operating  cost  of  the  drive 
subsystems  of  light,  medium,  and  heavy  twin-engine 
helicopter  is  reported  in  Ref.  44. 


4-13.3  TnasmbaloN  Standards  and  Ratings 

The  use  of  available  standards  in  detail  design  is 
encouraged  for  many  reasons,  not  the  least  of  >vhich 
is  cost  reduction.  Available  standards  can  contribute 
to  lower  costs  if  it  becomes  unn-wessary  to  prepare 
special  specifications;  conduct  qualification  tests; 
procure  special  tooling;  and  otherwise  compound 
procurement,  storage,  and  supply  activities.  The  stan- 
dards available  include  military  (AN,  MS,  NAS, 
AND,  Federal  Specifications,  MIL  Standards,  and 
AMS)  and  commercial  (AGMA,  AFBMA,  SAE, 
AISI,  and  ANSI).  However,  the  limitations  and 
ratings  of  standards  must  be  thoroughly  understood 
to  prevent  their  misapplication. 

These  following  are  some  instances  in  which  it  :s 
better  to  select  a nonstandard  part: 

1.  Excess  cost  or  nonavailability  (many  published 
military  and  commercial  standards  never  have  been 
manufactured) 

2.  Insufficient  strength  or  inadequate  properties 
(published  standards  for  parts  such  as  studs  may  not 
provide  the  required  static  and  fatigue  strength  or 
corrosion  resistance) 

3.  Inadequate  quality  control  for  the  criticality  of 
the  application  (many  published  standards  include  an 
inspection  sampling  frequency  that  is  inadequate  for 
critical  applications). 

Some  recommended  uses  of  commercial  standards 
are  discussed  in  the  paragraphs  that  follow. 

AGMA  (American  Gear  Manufacturers  Associa- 


tion) design  standards  and  specifications  for  gear 
tooth  bending,  scoring  risk,  case  hardening  practices, 
and  gear  precision  classifications  are  excellent  design 
starting  points.  However,  experience  accumulated 
through  development  and  Held  teats  will  suggest 
further  sophistications  and  modifications. 

Many  useful  standards  and  specifications  are 
published  by  the  Society  of  Automotive  Engineers 
(SAE).  The  smaller  size  bearing  locknuts  and  washers 
are  useful,  but  for  larger  bearings  the  SAE  parts 
generally  are  too  heavy.  The  thread  specification 
series  also  is  ideal  for  use  with  special  bearing  or 
spline  locknuts  because  the  series  includes  sizes  com- 
patible with  standard  bearing  bores.  The  30-deg 
pressure  angle  involute  spline  and  serration  standards 
will  suffice  for  most  spline  applications  and  lend 
themselves  well  to  inspection  with  simple  gages.  In 
special  instances,  where  greater  precision  is  icquircd 
to  improve  load  sharing  among  the  teeth  or  to  im- 
prove positioning  or  location  accuracy  for  the  mating 
members,  a standard  spline  can  be  modified  by  re- 
ducing the  involute  profile,  lead,  and  spacing 
tolerances. 

nuuicvci  possible,  bearings  should  be  in  ac- 

cordarice  with  the  standard  AFBMA  (Anti-Friction 
Bearing  Manufacturers  Association)  metric  en- 
velope dimensions,  using  the  Aircraft  Bearing  En- 
gineers Committee  (ABEC)  and  Roller  bearing 
Engineers  Committee  (RBEC)  precision  grades.  De- 
partures from  standard  envelopes  may  be  necessary 
for  very  light  series,  large  bore  bearings;  but  the  com- 
mon bore  size,  width,  and  outside  diameter  in- 
crements and  tolerances  should  be  retained  to 
facilitate  use  of  standard  inspection  equipment  by  the 
bearing  manufacturer.  Cylindrical  roller  diameters 
and  lengths  will  vary  among  suppliers  and  may  not 
follow  recommended  values.  However,  individual 
rollers  with  one  of  two  crown  radius  or  drop  values 
are  usually  available  from  all  aerospace  grade  sup- 
pliers. All  ball  bearing  suppliers  furnish  baits  in  1/32- 
m.-diameter  increments  and  occasionally  in  I ./64-in. 
increments.  Standard  grade  tolerances  in  microinches 
govern  sphericity;  e.g.,  grade  S implies  3 /tin.  spheri- 
city. 

Many  special  steels,  frequently  called  “tool-steels”, 
using  consumable  electrode  vacuum  rcmelt 
technology,  are  finding  increasing  use  in  helicopter 
gearbox  applications.  The  chemistries  of  these  steels 
are  identified  only  by  AISI  (American  Iron  and  Steel 
Institute)  specifications.  It  is  frequently  necessary  to 
add  special  limits  on  trace  elements  and  inclusions  to 
these  specifications  to  make  them  comparable  to 
some  of  the  commonly  used  AMS  (Aerospace 
Material  Specifications)  grades. 
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4-1.4  QUALIFICATION  REQUIREMENTS 

Qualification  requirements  arc  described  in  AMCP 
706-203.  However,  there  are  a number  cf  qualifica- 
tion requirement!  thru  must  be  considered  integral  to 
the  drive  subsystem  design  process.  The  confidence 
level  lor  passing  qualification  tests  with  a minimum 
of  redesign  and  retest  is  increased  significantly  by 
rigorous  attention  to  these  requirements  during  all 
phases  of  component  detail  design.  This  paragraph 
treats  the  requirements  for: 

1.  Component  and  environmental  performance 

2.  Development  testing 

3.  Overstress  testing 

4.  Life  substantiation  testing 
as  they  aiTecl  detail  design. 


4-1 .4.1  Component  and  Envlrocn.mv- 


Many  components  of  the  typical  drive  system  must 
be  qualified  initially  through  individual  testing.  Such 
lubrication  system  components  as  scavenge  and  pres- 
sure pumps,  filters,  pressure  switches  and  trans- 
mitters, temperature  switches  and  transmitters,  chip 
detectors,  level  transmitters,  jets,  pressure  regu- 
lators. and  monitors  are  best  defined  by  specification 
control  or  source  control  drawings.  Qualification 
tests  are  classifies  as  functional,  structural,  or  en- 
vironmental; and  care  must  be  exercised  by  the 
designer  in  designating  applicable  qualification  and 
quality  assurance  requirements.  Structural  and  en- 
durance tests  are  destructive  by  nature  and  therefore 
arc  limilcc  either  to  prototype  qualification  or  to  ran- 
dom sampling  in  production.  Functional  and  en- 
vironments' test  areas  may  be  specified  as  p quality 
assurance  requirement,  with  the  sampling  rate  up  to 
100%.  In  addition  to  obtaining  certification  of  per- 


form snee  to  specification  from  the  supplier,  it  may  be 


appropriate  to  perform  functional  tests  as  a part  of 
receiving  inspection.  The  applicable  qualification  and 
acceptance  requirements  must  be  set  forth  by  the 
designer  and  incorporated  into  the  subject  drawing  or 
specification.  The  need  for  completeness  and  ac- 
curacy in  creation  cf  the  specification  control 
drawing  cannot  be  overemphasized. 

If  the  designer  cannot  identify  or  anticipate  the 
characteristic  failure  mode  of  a component,  it  will  be 
necessary  to  establish  thorough  environmental  tot 
procedures  for  conducting  the  functional  or  en- 
durance qualification.  Once  the  characteristic  failure 
mode  has  been  established,  it  is  often  possible  to  in- 
crease the  effectiveness  of  the  quality  assurance 
resting  by  concentrating  on  a particular  index  of  per- 
formance while  eliminating  those  test  factors  that  re- 
veal no  useful  information.  For  example,  the  critical 
condition  for  the  functional  test  of  an  oil  pump  may 


be  established  by  reducing  inlet  pressure  to  simulate 
limit  altitude  operation,  allowing  checks  for  cavi- 
tation as  well  as  volumetric  flow  efficiency.  Similarly, 
a hermetically  sealed  pressure  switch  might  be  sub- 
jected to  a wide  range  of  vibratory  frequencies  and 
amplitudes  during  functional  cr  endurance  testing  in 
the  presence  of  an  environment  involving  elevated 
temperature  and  100%  relative  humidity. 

Attention  to  detail  of  this  nature  can  save  time  and 
cost  during  subsequent  testing  or  field  evaluation. 

4-1.4.2  DndofBKtt  Testing 

In  the  broad  sense,  development  testing  may  in- 
clude both  design  support  testing  and  the  evaluation 
of  prototype  hardware  on  bench  test  rigs.  These  func- 
tions arc  an  extension  of  detail  design  whereby  early 
confirmation  of  design  assumptions  or  errors  is 
achieved,  and  necessary  modifications  of  the  initial 
design  are  identified.  A thorough  initial  de- 
velopment test  program  may  include: 

1.  Static  tests  of  castings 

2.  Deflection  tests 

3.  Gear  contact  tests 

4.  Assembly  and  disassembly  tests 

5.  Lube  system  debugging 

6.  Incremental  load  and  efficiency  tests 

7.  Thermal  mapping  tests. 


4-1. 4.2.1  &«i’c  Casting  Tests 
The  designer  and/or  structure  analyst  will  predict 
critical  sections  of  the  castings  based  upon  the  as- 
sumed load  data  A test  fixture  capable  of  applying 
and  reacting  these  loads  in  a manner  analogous  to  the 
intended  helicopter  use  will  be  designed  and  em- 
ployed. Stress  coating  and  examination  techniques 
should  be  used  to  pinpoint  thv  oncnianviia  „a,u 


relative  locations  of  the  maximum  fiber  stresses. 
Strain  gages  with  suitable  temperature-corrected 
bridges  or  crack  wire  then  should  be  appiied  at  the 
locations  of  these  maxima,  and  the  casting  should  be 
loaded  in  increments  to  failure.  Recorded  data  will 
demonstrate  compliance  with  stated  requirements 
and  must  be  correlated  with  analytical  predictions  so 
that  accurate  ssfely-of-flight  decision*  can  be  made 
based  upon  subsequent  flight  loan  survey  data  or 
when  material  discrepancy  and  review  report  action 
is  required  with  respect  to  production  hardware. 


4-1.422  Deflection  Tests 
Deflection  tests  often  are  used  to  obtain  data 
relating  to  hot  and  cold  static  torque  and  external 
load  deflection.  These  data  are  often  required  in  con- 
nection with  gear  tooth  contacts  and  for  verification 
of  spiral  bevel  gear  development.  Useful  information 
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also  may  be  acquired  regarding  planetary  gear  com- 
pliance and  contact  misalignment.  Deflection  teat 
data  permit  accurate  determination  of  planet  load 
sharing  and  analysis  of  cumulative  tooth  spacing 
error;  adequacy  of  bear...,;  element  and  mounting 
rigidity  and  damp  nut  torque  levels  also  may  be  in- 
vestigated. Compatibility  of  input  and  output  shaft 
deflections  with  seal  requirements  may  be  evaluated 
in  addition. 

Multiple  dial  indicator  gages  cuatomarily  are  used 
with  incremental  load  applications  to  obtain  the  re- 
quired deflection  data.  It  is  generally  necessary  to 
perform  extensive  housing  modifications,  usually  in 
the  form  of  strategically  located  drilled  holes,  to  per- 
mit suitable  measurements.  Application  of  red-lead 
paste  to  gear  tooth  members,  followed  by  slow  ro- 
tation of  the  drive  system  under  the  designated  tor- 
que or  braking  load,  is  used  to  obtain  witness  con- 
tact patterns. 

4-1.4JJ  Contact  Tests 

The  red-lead  paste  technique  described  in  par.  4- 
1 .4.2.2  supplies  information  only  on  gear  contacts.  A 
more  sophisticated  contact  test  that  also  permits  de- 
tailed bearing  study  and  yet  does  not  need  extensive 
housing  rework  uses  copper  plating  and  gas  oxi- 
dation. For  this  test,  contacting  elements  (gear 
pinions  and  inner  and  outer  bearing  races)  are  flash- 
copper-plated  (<*>0.0001  in.  maximum  thickness)  and 
the  gearbox  then  is  assembled  without  oil.  The  as- 
sembled gearbox  is  mounted  in  a manner  that  simu- 
lates the  helicopter  installation  and  each  shaft  seal 
location  is  vented  to  permit  air  escape.  The  input 
shaft  is  rotated  slowly  to  permit  rolling  elements  to 
nttnmr  their  proper  locations,  and  then  static  torque 
equivalent  to  design  rating  power  is  applied.  A 
reducing  gas,  such  a*  H;S,  is  slowly  bled  into  the 
gearbox,  preferably  through  an  orifice  near  the  upper 
gearbox  surface.  Ail  exposed  copper  surfaces  arc  oxi- 
dized to  a black  tarnish  while  the  Hertzian  contacts 
remain  untarnished.  After  the  gearbox  is  purged 
completely  with  fresh  air,  the  unit  may  be  disas- 
sembled for  detailed  examination  and  evaluation.  All 
contacts  should  be  carefully  compared  with  de»ign 
assumptions. 

4-1.42.4  Assembly  ud  Disassembly 

It  is  essential  that  the  designer  evaluate  ease  of  as- 
sembly and  disassembly  of  the  gearbox,  suitability  of 
standard  and  special  tools,  absence  of  physical  inter- 
ferences, and  opportunities  for  incorrect  assembly. 
Special  attention  should  be  given  to  suitability  of 
torque  values  specified  for  nuts,  safetying  pro- 
visions, and  absence  of  thread  galling  or  seizing. 


External  line,  hose,  and  electrical  connections  should 
be  examined  for  proper  fit  and  location. 

4- 1.4X5  Lubricatioa  System  Debugging 

Early  in  the  gearbox  bench  testing  process,  atten- 
tion must  be  given  to  troubleshooting  the  lubrication 
systems.  Proper  oil  jet  distribution  should  be  veri- 
fied. Use  of  transparent  (ncrylic  or  Plexiglas)  win- 
dows and  covers  wherever  possible  is  helpful.  Ade- 
quate oil  scavenging  should  he  verified.  Design 
changes  to  incorporate  internal  baffles,  oil  scrapers, 
and  intercompartmental  venting  are  not  uncommon. 

4-1.42.6  I acre  meats!  Loading  and  Efficiency  Tests 

Immediately  following  lubrication  system  testing  it 
is  generally  desirable  to  proceed  with  incremental 
power  step  testing,  with  disassembly  and  inspection 
taking  place  between  each  step.  Intervals  of  25%, 
50%,  75%,  100%,  and  125%  of  design  power  rating  are 
recommended.  Operation  for  2 to  5 hr  at  each  siep  is 
desirable  to  achieve  definitive  wear-track  markings  at 
thermally  stabilized  conditions.  Visual  inspectic  i of 
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after  each  rlep  paying  special  note  to  the  rate  of 
tooth  pattern  fillout  in  order  to  verify  use  of  proper 
initial  tooth  shapes.  The  use  of  black  oxide  on  gears 
and  bearing  rings  between  each  load  step  will  assist  in 
accurate  visual  inspection. 

It  may  be  convenient  to  schedule  efficiency 
measurements  simultaneously  with  load  incrcmei't 
testing.  One  rather  involved  but  satisfactory  method 
of  accurate  efficiency  determination  requires  the  ex- 
ternal application  of  insulating  material  to  the  entire 
gearbox  housing  and  subsequent  measurement  of  the 
oil  temperature  drop  and  flow  rate  across  the  oil 
cooler  (Ref.  45).  Power  loss  to  the  cooler  PLC  is 


PLC 


FGsC'&T 

-«T~ 


(4-19) 


where 

F - oil  flow  rate,  gpm 
Gs  ■ specific  weight  of  oil,  Ib/gal  (a  function  of 
temperature  and  aeration) 
c,,  = specific  heat  of  oil,  Btu/lb-°F  (a  function 

of  temperature  and  aeration) 

A Tm  temperature  differential  between  oil  out 
of  transmission  and  oil  out  of  cooler, 
dcgF 

With  the  assumption  that  the  insulation  is  effective  in 
preventing  cooling  convex  >n,  Pu  is  the  only  power 
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loss  from  the  transmission.  In  this  cate  the  transmit' 
lion  efficiency  \ is 
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where 

P t “ power  input  to  transmission,  hp 
Another  satisfactory  method  for  determining 
power  loss  is  bcsed  upon  convection  cooling  and  re- 
quires the  assumption  that  gearbox  efficiency  docs 
not  change  with  slight  changes  in  viscosity  within  the 
range  of  lubricant  temperature  used.  The  exterior 
surface  of  the  gearbox  is  gridded  into  approximately 
equal  areas  with  centrally  located  temperature  sen- 
sing points.  The  individual  areas  should  not  exceed 
Sh  in1.  An  oil  cooler  or  heat  exchanger  with  a con- 
trollable cooling  rate  is  employed  and  cir  flow  con- 
ditions about  the  gearbox  are  maintained  as  con- 
stant as  possible.  The  test  procedure  requires  stabili- 
zed operation  at  two  discrete  oil  coder  heat  ex- 
traction levels,  preferably  with  temperature  levels  of 
the  oil  out  of  the  transmission  st  least  50  (kg  F apart. 
During  each  of  these  runs  the  power  loss  to  the  cooler 
(Eq.  4-19}  is  measured  and  the  temperatures  of  the 
designated  case  monitoring  points  are  recorded, 
along  with  the  ambient  air  temperature.  The  increase 
in  oil  cooler  heat  rcjccticn  at  the  lower  stabilized 
temperature  condition  is  assumed  equal  to  the  de- 
crease in  convection  heat  rejection  from  the  housings 
into  the  ambient  air,  allowing  the  solution  of  the 
following  simple  set  of  equations  (the  primed  sym- 
bols indicate  cold  condition). 

Hot:£/»,  - PLC  + Cc  (f4  - Ta)  (4-21 ) 

Cold:  - P[c  + Cc  (Ts  ~ T')  (4-22) 

j^Pl  * total  power  loss,  hp 
PLC  « power  loss  to  oil  cooler  (Eq.  4- 19),  hp 
Cc  case  convection  cooling  coefficient,  hp/  °F 

Ts  » average  of  external  surface  temperature 
readings,  °F 

Ta  - ambient  air  temperature,  °F 
Because  ?lc  > P ix>  Ts  >T,-,  and  2Pl  and  Cc  are 
constant  by  definition,  we  have  the  immediate  solu- 
tion: 

c<  ■ k,  ■ hprF  (4-23) 

Substituting  Cc  into  either  of  the  initial  hot  01  cold 
loss  equations  (Eq.  4-21  or  Eq.  4-22)  will  y:cld  the 


total  power  lou  PL.  If  the  necessary  temperatures  are 
measured  for  each  test  condition,  the  individually 
calculated  values  of  Cc  may  >e  averaged  and  a proba- 
ble error  computed  by  standard  statistical  methods. 

4-1. 4.2.7  Thermal  Mapping  Tests 

Time  and  instrumentation  capability  permitting, 
final  design  modifications  or  the  proportioning  of 
lubrication  distribution,  along  with  necessary  adjust- 
ment of  bearing  parameters  such  as  clearance  and  in- 
ternal preload,  may  be  accomplished  by  thermal 
mapping.  Thermocouples  embedded  in  contact  with 
bearing  inner  and  outer  rings  and  with  gear  blank 
rims  or  tooth  fillets,  for  example,  should  be  used  to 
construct  a thermal  map  of  the  transmtacion.  Mea- 
surement of  rotating  component  temperatures  re- 
quires the  use  of  slip  rings  or  similar  devices.  The  use 
of  infrared  photographs  of  operating  gaarboxsa  also 
has  been  very  effective  in  thermal  mapping.  Hot  spots 
or  excessive  thermal  gradients  arc  cause  for  cor- 
rective design  measures. 

i • / 1 A.  -a—..- 
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Overpower  testing,  sometimes  referred  to  as  weak 
point  testing  or  modified  slrcu  probe  testing,  is  in- 
tended to  yield  rapid  results  to  enable  the  designer  to 
make  timely  changes.  The  purpose  of  this  testing  is  to 
produce  failures  and  define  failure  modes  and  fail- 
safe features,  not  to  demonstrate  reliable  extended 
operation.  However,  a 100-hr  failure-free  overpower 
test  at  from  100  to  125%  of  maximum  continuous 
power  on  two  samples  certainly  would  indicate  that 
the  gearbox  was  ready  for  life  substantiation  or  quali- 
fication testing. 

The  maximum  recommended  overpower  tesi  ievei 
is  120-130%  of  normal  red-line  power,  although  in 
some  instances  1 10%  is  used.  For  valid  test  results, 
the  following  conditions  described  in  the  paragraphs 
that  follow  should  be  satisfied: 

1 . Lubrication  states  should  remain  unchi  igcd  for 
the  main  power  path  components  (Fig.  4-3).  EHD 
film  thickness  as  predicted  by  the  Dowson  equation 
(Eq.  4-5)  is  relatively  insensitive  to  load  (125%  power 
should  reduce  h values  by  about  4%  from  their  100% 
power  levels  for  an  isothermal  condition);  however, 
because  the  temperature  of  the  conjunction  may  in- 
crease as  the  3/4  power  of  load,  which  in  turn  will  re- 
duce the  viscosity  of  the  typical  M1L-L-7808  oil  by 
28%,  and  of  the  h value  by  22%,  a cautious  evalua- 
tion is  demanded. 

2.  Excessive  deflection  must  not  occur.  If  de- 
veloped bevel  gear  patterns  degenerate  excessively, 
their  reduced  area,  coupled  with  the  increased  t>  >oth 
load,  could  result  in  doubling  unit  stresses  ct  the 
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overpower  levels.  The  ''small-cutler"  and  other  types 
of  spiral  bevel  gears  tend  to  resist  pattern  shift  with 
increasing  power  and  are  good  candidates  for  suc- 
cessful overpower  testing.  Ir.  well  designed  planetary 
gear  reductions,  it  is  not  uncommon  to  find  a 50%  in- 
crease in  unit  stress  for  a 125%  overpower  test  at  con- 
stant speed. 

3.  The  mechanical  limitation  of  ball  bearing  load 
path  constraints  must  not  be  exceeded.  There  should 
be  sufficient  race  shoulder  height  and  bearing  mount- 
ing rigidity  to  retain  the  ball  path  fully  at  the  over- 
power lest  condition. 

4.  Cylindrical  roller  bearings  should  have  suf- 
ficient roller  crown  (or  race  crown)  to  preclude  severe 
end  loading  due  to  increased  shaft  misalignment  or 
simple  Hertzian  deflection. 

5.  The  increased  thermal  gradients  present  during 
overpower  testing  must  not  result  in  excessive  bearing 
preloading  or  gear  misalignment  due  to  housing  dis- 
tortions. 

Design  criteria  for  successful  overpower  testing 
must  preclude  gear  tooth  bending  fatigue  failure,  case 
crushings,  or  scuffing  (scoring)  failure  modes.  Ac- 
celerated wear  without  co  "promise  of  *ic  design 
function  of  the  gearbox  for  the  specified  test  interval 
is  the  criterion  of  success. 


4-1. 4.4  Other  Life  ud  Reliability  Substantiation 
Testing 

A 200-hr  qualification  test  is  required  by  AMCP 
706-203,  and  follows  the  tests  in  the  preceding  para- 
graphs. Also  required  arc  a 50-hr  preflight  assurance 
test  (PFAT)  and  a 1 50-hr  “must  pass"  qualification 
lest  in  a ground  test  vehicle  (GTV).  Beyond  these 
tests,  it  is  frequently  desirable  to  conduct  extended 
bench  or  GTV  tests  to  assist  in  the  determination  of 
initial  TBO  levels  and  to  uncover  failure  modes  not 
detected  in  previous  tests.  All  testing  in  these  cate- 
gories is  based  upon  spectrum  loading  conditions. 
The  selected  spectrum  should  have  an  KMC  power 
level  in  excess  of  the  anticipated  flight  spectrum. 
Because  most  lubrication  system  elements  (including 
shaft  seals)  exhibit  failure  modes  that  are  insensitive 
to  power  level,  no  meaningful  accelerated  test 
programs  exist  for  the  lubrication  system,  and  its 
evaluation  requires  the  accumulation  of  many  test 
hours.  Although  the  majority  of  lubrication  system 
components  will  have  undergone  some  degree  of 
evaluation  in  early  tests  (par.  4- 1.4.1),  evaluation  of 
their  performance  in  the  total  system  environment 
must  await  these  extended  time  or  endurance  tests. 


4-2  TRANSMISSIONS 


4-2.1  FAILURE  MODES 

Many  competing  failure  modes  exist  simul- 
taneously in  any  mechanical  transmission  device.  The 
mode*  recognized  as  dominant  are  often  represen- 
tative of  the  lifc-r  clc  phase  in  which  the  observation 
is  made.  Recognition,  classification,  and  definition  of 
safe  operating  limits  are  fundamental  to  successful 
design.  Failure  modes  may  be  identified  as  primary 
and  secondary  for  ease  of  analysis.  In  one  study 
based  on  component  replacement  at  overhaul  for  the 
UH-1  and  CH-47  gearbox,  secondary  failures  were 
shown  to  exceed  primary  failures  by  at  least  an  order 
of  magnitude  (Ref.  46).  Although  the  majority  of 
design  effort  is  directed  toward  preventing  primary 
fai!  ires,  the  cost  of  drive  subsystem  maintenance  and 
overhaul  reflects  the  total  of  both  categories.  There- 
fore, reduction  in  secondary  failure  modes  is  an  im- 
portant objective  for  future  design. 


4-2.1. 1 Prtaary  Failure  Modes 

Primary  failure  modes  are  identified  as  those  that 
render  a component  unserviceable  because  of  some  • 
self-generated  conditional  occurrence  other  than  nor- 
mal  wear.  Cracked,  broken,  pitted,  or  spalled  ele- 
ments that  fail  while  operating  at  normal  loads, 
speeds,  and  environmental  conditions  arc  repre- 
sentative of  this  failure  category. 

There  is  a reasonable  statistical  level  of  occurrence 
for  primary  failures,  perhaps  on  the  order  of 
0.5%/ 1000  hr,  that  typifies  the  normal  dispersion  as- 
sociated with  acceptable  and  cost-eifcctivc  design 
practices.  Failure  rates  in  excess  of  this  level  are  con- 
sidered a result  of  design  or  manufacturing  defi- 
ciency. Identification  and  elimination  of  components 
with  excessive  failure  rates  arc  the  objectives  of  the 
qualification  assurance  testing  outlined  in  AMCP 
706-203. 

Properly  designed  and  manufactured  drive  systems 
must  not  exhibit  catastrophic  primary  failure  modes. 

It  is  not  unreasonable  to  expect  primary  modca  to  be 
exclusively  noncatastrophic.  This  criterion  may  be 
satisfied  by  inherent  redundancy  in  load  paths  or 
load  sharing,  or  by  failure  progression  rates  that  are 
commensurate  with  available  built-in  failure  de- 
tection and  diagnostic  d;  vices. 

Conscientious  application  of  classical  structural 
analysis  methods  as  modified  by  relevant  test  and  ser- 
vice experience,  coupled  with  adequate  quality  as- 
surance methods,  effectively  will  eliminate  static  and 
bending  fatigue  failures.  However,  the  surface  dura- 
bility of  loaded  members  such  as  gear  teeth  and 
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roiling  element  bearing!  is  by  no  means  thoroughly 
understood  or  easily  predicted.  The  interaction  of  the 
efTects  ol  friction,  lubrication,  and  wear  (the  modern 
discipline  of  Tribology)  is  the  subject  of  intensive 
research  (Ref.  47). 

Drive  design  is  influenced  by  variables  such  as 
metals  (hardness,  microslructure,  chemistry,  cleanli- 
ness, residual  stress),  finish  (roughness,  lay,  texture), 
surface  treatments  or  coatings,  lubricants  (base  oil, 
viscosity,  additive  package),  moisture  and  other  con- 
taminants, speed,  slip,  Hertzian  stress,  contact 
geometry,  friction,  and  temperature.  These  variables, 
separately  or  in  combination,  may  vary  observed  life 
at  constant  stress  by  a factor  of  S00  in  conventional 
helicopter  applications.  Their  combined  efTects  also 
exhibit  slope  variations  from  -5  to  - 12  ofloglog  S- 
N curves.  Because  it  is  impossible  to  consider  the 
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quantitative  efTects  of  all  permutations  of  the  per- 
tinent parameters  described  in  current  literature,  the 
significance  of  relevant  test  experience  cannot  be 
overemphasized.  The  classical  stress-life  equations  or 
published  S-N  data  must  be  viewed  only  as  starting 
points.  Table  4-4  presents  useful  qualitative  in- 
fluences of  some  of  the  variables  affecting  S-N 
characteristic*.  There  are  many  combination  effects 
among  these  variables,  but  virtually  none  that  result 
in  contradiction  of  the  indicated  trends. 

The  presence  of  relatively  high  slidc/roll  ratios  and 
thin  lubricant  films  is  necessary  for  the  surface  pitting 
life  to  be  sensitive  to  the  additional  factors  shown  in 
Tabic  4-4.  Pitting  or  spalling  generally  is  considered 
to  be  the  result  of  metal  fatigue  due  to  cyclic  contact 
stress.  Under  idealized  conditions,  the  initiation  of 
pitting  occurs  at  a considerable  distance  below  the 
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TABLE  4-4.  LIFE  MODIFICATION  FACTORS  — SURFACE  DURABILITY 


VARIA01  £ 

INCREASED  LIFE 

REDUCED  LIFE 

QUALIFICATIONS 

MLIALS 

HARDNESS 

Rc  60  — 63 

<Rc  60 

CARBURIZED  AMS  6260 

Rv;  60  — 

<Fu-  60 

A i Si  52100  m-5u 

RETAINED  AuSTCNITfc 

<10% 

iL'S'X. 

CARBURIZED  AMS  6260 

< 5\ 

> 6\ 

AISl  52100 

WHITE  IAYER 

REMOVED 

PRESENT 

AMS  6475 

CLEANLINESS 

CEVM 

AIR  MELT 

INCtUSIONSS  TRACE 
ELEMENTS 

RESIDUAL  STRESS 

COMrRESSIVE 

TENSILE 

SURFACE  TO  MAXIMUM 
SHEAR  DEPTH 

SURFACE  f INISH 

type 

FIONEO.  POLISHED 

GROUND 

VERY  IMPORTANT  AT  LOW 
VISCOSITY 

1 AV 

1 * r,  r, 

ii  i w jLiuriixio 

vi  Hi  iKnrvni  AN T vjrv/uNu 
Sum  ACP 

SURFACE  TREATMENT 

BLACK  OXIDE 

bare 

VERY  IMPORT  ANT  THIN 
LU8.  FILM 

LIGHT  ETCH 

AS  MACHINED 

RAPID  SURI  ACE  BREAK  IN 

LUBRICANT 

HIGH  VISCOSITY 

LOW  VISCOSITY 

V,T  V,<  2000  tl  /n'ln 

MINERAL  BASE 

SYNTHETIC  BASE 

TRUE  AT  NORMAL  STRESSES 

ADDITIVE  & SYNTH 

ADDITIVE  & MINERAL 

VERY  TRUE  AT  1 OW  SPEED 

HIGH  COEFFICIENT 

EOW  COEFFICIENT 

PRESSURE  VISCOSITY 
COEFFICIENT,  a 

LOW  ACIDITY 

HIGH  AClulTY 

DEGRADATION  ■'TIME  AND 
USE 

WATER  CONIENT 

LOW 

HIGH 

WATCH  DEGRADED  SYNTH. 

SPEED 

HIGH 

LOW 

EXCEPT  ROUGH  SURFACES 

aip 

LOW 

HIGH 

POSITIVE 

NEGATIVE 

LOWER  REE.  SPEED  - NEG. 

FRACTION 

LOW 

HIGH 

temperature 

LOW 

HIGH 

SURFACE  CONJUNCTION 

geometry  of  .. 

HIGH 

LOW 

**  • b-  « FOR  EL  t IPSE 
h=  AXIS  II  TO  ROLLING  V 
0-  AXISXTO  ROLLING  V 
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surface  at  the  level  of  maximum  orthogonal  shear 
stress,  anti  classical  theory  has  been  developed  about 
these  conditions.  However,  recent  studies  establish 
that  the  shear  stresses  tend  to  be  located  nearer  to  the 
surface,  even  in  the  presence  of  very  small  magni- 
tudes of  slip  (Rcf.48).  The  traction  stresses  imposed 
by  sliding  can  raise  the  surface  shear  stresses  to 
within  40%  of  the  maximum  Hertzian  stress  (Ref.  49). 
These  conditions  lead  to  surface  initiation  of  pitting 
or  cracking  that  ultimately  results  in  the  gross  pitting 
or  spalling  failures  ohserved  in  most  failed  mechani- 
cal components.  For  example,  it  has  been  established 
that  the  vast  majority  of  pitting  (spalling)  failures  in 
UH-I  and  CH-47  helicopter  gearboxes  arc  surface- 
initiated  (Ref.  46). 


4-2.1.2  Secondary  Failure  Modes 

Secondary  failure  modes  are  all  ihose  modes  that 
arc  not  classified  as  primary.  By  definition  secondary 
failure  modes  do  not  contribute  directly  to  com- 
ponent MTBR;  however,  they  contribute  greatly  to 
the  cost  of  overhaul,  and  in  some  instances  they  limit 
severely  me  safe  operating  tunc  after  occurrence  cf 
primary  failure. 

Secondary  failure  modes  are  grouped  into  three 
categories,  each  with  a different  design  avoidance 
technique. 


4-2. 1.2. 1 Overload  Failures 

Components  that  are  overloaded  due  to  the  failure 
of  a parallel  or  series  connected  load  carrying  mem- 
ber frequently  result  in  secondary  failure  in  a short 
time.  Tandem  thrust  bearings  or  multiple  planet  or 
epicyclic  gear  trains  are  typical  parallel  load-path 
configurations.  Such  components  limit  the  pro- 
gression rate  of  a primary  failure  by  an  automatic 
load  reduction  resulting  from  increased  deflection  or 
wear  material  removal  of  the  failing  primary  com- 
ponent. In  such  designs,  the  secondary  load-carrying 
members  should  be  analyzed  under  full  power  to  in- 
sure adequate  life  for  safe  continued  operation.  Such 
analyses  should  show  a minimum  life  of  100  hr. 

Serics-conncctcd  secondary  failures  arc  typified  by 
transfer  of  damage  from  one  gear  member  to  another 
in  a train  arrangement  or  by  the  upstream  overload 
of  a component  due  to  an  advanced  downstream 
failure  such  as  a “jammed”  rolling  element  bearing 
with  advanced  retainer  or  ball  fractures.  The  static 
yield  strength  of  the  primary  power  path  com- 
ponents (gears,  shafts,  bearings,  couplings,  etc.)  must 
be  sufficient  to  withstand  the  maximum  red -line 
power  plus  the  incremental  transient  load  required  to 
fracture  and  bteak  dear  the  relatively  frangible  pri- 
mary failed  component. 


4-2. 1.2.2  Debris-caused  Failure 

Debris  from  a spalled  tooth  or  bearing  often  enters 
another  gear  mesh  or  bearing  and  results  in  suf- 
ficient denting,  embossing,  or  brinclling  to  initiate  a 
secondary  failure  after  relatively  few  cyclic  stressings. 
While  the  damage  incurred  in  gears  and  cylindrical 
roller  bearings  is  less  severe  than  in  ball  bearings  (due 
to  the  preferential  debris  entrapment  of  conformal 
contact  bodies),  the  rate  of  replacement  of  secondari- 
ly damaged  parts  at  overhaul  has  considerable  cost 
impact  (Ref.  46).  Much  potential  damage  can  be 
avoided  by  compartmentalized  designs  or  by  use  of 
shields  or  baffles  to  protect  dynamic  components  by 
deflecting  and  re-routing  debris  to  catch-trap  or 
sump  areas.  The  objective  is  localization  of  the 
damage  to  the  primary  failure  component. 

4-2.1. 2.3  Fr.vironmentatly  Induced  Failures 

Oxidation,  stress  corrosion,  galvanic  corrosion, 
and  aging  or  embrittlement  fractures  are  examples  of 
failures  that  could  become  significant  to  future 
MTBR  data  for  helicopters  with  increased  TBO  in- 
tervals. These  failures  result  front  inadequate  atten- 
tion during  design  or  production  quality  control  to 
materials,  protective  plating,  or  finish  coatings.  Con- 
centric £ nodes  always  should  be  used  during  plating 
of  tubular  shaft  members  to  secure  adequate  pro- 
tection of  internal  surfaces.  Special  attention  must  be 
given  to  providing  drains  to  eliminate  trapped  water 
at  gearbox  stud,  boss,  and  mast  seal  locations.  Ad- 
ditional protective  practices  are  recommended  in  par. 
4-2. 3.1. 

4-2.2  DYNAMIC  COMPONENTS 

The  dynamic  components  common  to  all  drive 
subsystems  are: 

1.  Toothed  power  transmission  wheels  (gears) 
that  operate  over  a wide  range  of  rolling  or  total  velo- 
cities with  moderate  to  relativ  ely  high  sliding  or  slip 
velocities,  under  Hertzian  stresses  rarely  exceeding 
250,000  psi 

2.  Rolling  clement  support  members  (bearings) 
that  operate  at  similar  total  velocities,  lower  slip  velo- 
cities, but  generally  higher  Heitzian  stresses 

3.  Interconnecting  members  (shafts  and  couplings) 
that  are  splined,  bolted,  or  welded  together  and  to 
gears,  with  external  forces  and  moments  imposed 
while  rotating 

4.  Other  miscellaneous  elements  such  as  shaft 
seals,  nuts,  and  locking  devices. 

4-2.2. 1.  Gears 

Helicopter  gear  design  will  be  viewed  from  three 
aspects:  limitations,  analysis,  and  the  drawing  or 
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spetifiCfitiosi.  The  primary  emphasis  is  upon  power 
transmission  gearing  ratfrsr  than  torque  gearing  (high 
*crad/!otv  speed,  as  in  actuator  or  hoist  applications) 
or  accessory  gearing.  The  Utter  is  discuMod  briefly  in 
par.  4-5. 

4-2..JJ.S  Gear  UaahatUns 

Successful  helicopter  gear  designs  usually  have 
employed  counter-formal  involute  spur,  hciical,  and 
spiral  bevel  configurations. 

Some  applications,  notably  the  Westland  WG-13, 
have  used  oonfonnal  circular  arc  helical  tooth  forms. 
Although  somewhat  superior  in  performance  with 
respect  to  surface  durability,  conformal  gears  have 
numerous  configurational  limitations,  c.g.,  operating 
center  distance  is  very  critical,  and  frequently  exhibe1 
reduced  tooth  bending  fatigue  strength.  Analytical 
techniques  used  for  involute  tooth  strength  analysis 
are  not  well-suited  for  circular  arc  teeth,  although  an 
excellent  analytical  finite  element  approach  to  bend- 
ing stress  calculation  may  be  found  in  Ref.  50.  The 
need  for  three-dimensional  analysis  is  described  in 
Ref.  51.  This  gear  form  i?  particularly  **ns:rive  ?0 
center  distance  variation  unless  considerat.h  mis- 
match of  tooth  curvature  is  used  between  pinion  and 
gear.  The  immediate  result  of  this  practice  is  a con- 
siderable increase  in  the  maximum  Hertzian  stress 
with  an  attendant  reduction  in  the  theoretical  sur- 
face durability  of  the  pinion.  The  deflection  inherent 
in  the  elastic  reaction  of  the  loaded  tooth  introduces  a 
small  degree  of  slip  that  further  reduces  the  theo- 
retical pitting  endurance  (par.  4 2.1.1).  Conformal 
gtars  are  of  considerable  interest  from  a research  and 
development  viewpoint,  but  at  present,  design 

l n.rii  «._•  ... ...  — — 
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mil  a ns  aningfiri  design  discussion  of  this  configua- 
tion. 

The  rria'.iv?  efficiencies  of  the  various  spur,  heli- 
cal, and  spiral  bevel  ‘oath  forms  were  discussed  in 
pat  . 4-1.2.1.1.  The  high  sliding  mid  resultant  power 
loss  and  limned  load-carrying  capacity  of  crossed 
helical  and  hypoid  gears  operating  in  synthetic  lubri- 
cants eliminate  their  usefulness  except  in  accessory 
drive  applications. 

4-12.12  Gear  Acalysts 

Successful  detail  involute  gear  design  analysis  re- 
quires an  understanding  of  the  relative  risks  of  the 
three  failure  modes  (par.  4-2. 1.1)  under  the  par- 
ticular operating  condfiions  for  each  specific  gear 
application,  initial  insight  may  be  obtained  by 
reviewing  the  regions  of  dominant  distress  as  shown 
in  Fig.  4-20,  based  upon  Ref.  42.  This  graphic  rela- 
Vtiooship  reflect!!  the  characteristics  of  case-hardened 


precision  helicopter  grate  operating  in  synthetic  tur- 
bine lubricants.  The  relative  positions  of  each  zonal 
demarcation  wiii  vary  t a function  or  the  diametral 
pitch  Pj,  pressure  angle  4>,  contact  ratio,  root  fillet 
form,  surface  finish,  and  matcrial-proccsting  charac- 
teristics of  each  individual  design.  Fig.  4-20  repre- 
sents reasonably  accurate  estimates  for  a standard 
proportion,  Pd  « 8.5,  35  X 61  tooth  set  of  full  fillet 
form,  ground  flank,  carburized  AMS  5260  involute 
spur  gears. 

The  variation  in  the  three  failure  mode  relation- 
ships when  ail  factors  are  constant  except  tor  dia- 
metral pitch  may  U seen  in  Fig.  4-21  (Ref.  53). 
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4*11.111  Bull  Fatigue  Stm$tk 

The  detcnnimition  of  bending  fatigue  risk  involves 
three  steps:  load  determination,  stress  evaluation 
technique,  end  definition  of  the  properties  of 
materials  used. 

The  basic  bending  strrss  equations,  generally  in  ac- 
cord with  AGM  A practice,  may  be  found  in  Refs.  54 
(spur  gears),  SS  (helical  gears),  and  56  (bevel  gears), 
together  with  computer  solutions  written  in  FOR- 
TRAN symbology.  Because  of  the  increased  preci- 
sion with  which  the  basic  Lewis  equation  goometry 
factors  are  treated,  the  use  of  these  references  is 
highly  rocommendco.  However,  for  a better  under- 
standing of  the  relative  significance  of  the  factors  af- 
fecting tooth  bending  fatigue,  the  general  AGMA 
equation  will  be  rearranged  and  discussed  term  by 
term. 

The  basic  equation  for  tensile  stress  is  5;  due  to 
tooth  bending  has  been  defined  (Ref.  57)  as 


\ a,  / \r  / \ j ! 


where 

F = face  width  of  gear  tooch,  in. 

J * geometric  shape  factor,  dimensionless 
Kn  * misalignment  factor,  dimensionless 
K0  **  overload  factor,  dimensionless 
A , - size  factor,  dimenrioniess 

A,  **  dynamic  load  factor,  dimensionless 
Pd  “ diameiia!  pitch,  in.-1 
Wt  *»  gear  tooth  load,  lb 

Both  test  and  analysis  have  confirmed  that  the 
dynamic  load  Wd  is  more  correctly  expressed  as  an 
independent  variable  rather  than  as  being  accounted 
for  by  applying  the  factor  A,  to  the  gear  tooth  load 
Wr  Therefore,  Eq.  4-24  should  be  replaced  by 


S,  - {KaW,  b Wd)Km  psi  (4-25) 


where 

Wd  - dynamic  load,  lb 

Ref.  58  shows  that  the  dynamic  load  Wd  exists  as 
an  incremental  load  due  to  tooth  errors  and  gear 
drive  dynamics  at  operating  speed,  and,  therefore,  is 
relatively  unaffected  by  transmitted  power.  An  ac- 
ceptable engineering  approach  to  the  evaluation  of 
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Wd  also  is  given  by  Ref.  58.  This  evaluation  is  based 
upon  the  tooth  spring  rate  calculation  taken  from 
Ref.  59,  which  in  tan,  presents  an  analysis  of  the  ex- 
perimental data  of  Ref.  6C.  taken  during  tests  of  solid 
blank  type  gears.  Inasmuch  as  holicoptcr  gears  have 
lighter  back-up  rim  and  web  configurations  than 
those  used  in  the  referenced  tests,  the  dynamic  load 
analyses  based  upon  these  methods  will  be  conserva- 
tive. Greater  precision  can  be  obtained  by  con- 
sidering factors  other  than  tooth  deflections  by  the 
methods  advanced  in  Refs.  61  and  62. 

Although  dynamic  load  factors  and  increments 
have  been  studied  by  numerous  investigators  for  the 
past  century,  the  results  have  led  to  only  slight  agree- 
ment. Therefore,  well  correlated  test  experience  is  of 
great  importance.  The  interaction  of  profile  modifi- 
cations, tooth  errors,  deflection  modes,  spring  con- 
stants, and  inertias  are  of  such  complexity  that 
generalized  solutions  are  unlikely  to  be  satisfactory. 
However,  certain  qualitative  observations  that  find 
general  acceptance  are: 

1.  The  dynamic  load  Wd  increases  essentially 
linearly  with  speed  snd  spacing  error.  Hence,  the  im- 
portance of  increasing  precision  with  speed  is  under- 
scored. 

2.  There  is  r limiting  vrlue  for  Wd  that  probably 
occurs  when  the  duration  of  the  velocity  pulse  is  less 
than  one  quarter  the  period  of  natural  vibration  of 
the  pinion-gear  spring-mass  system. 

3.  The  value  of  Wd  is  proportional  to  both  spring 
rate  and  gear  effective  mass.  Hence,  it  is  important  to 
consider  total  deflection  and  mass  of  tooth  a id  rim 
for  helicopter  gear  designs.  Expressions  for  ap- 
proximate values  of  the  deflection  at  point  of  mesh 

,-i:j  * u..i r., *: : 
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by  Refs.  61  and  62.  For  thin-rim  helicopter  gears 
(back-up  rim  thickness  of  approximately  one  tooth 
whole  depth)  with  approximately  40  or  more  teeth, 
the  deflection  can  be  as  much  as  twice  the  value  lor  a 
solid  rim.  The  limiting  deflection  of  a spur  tooth  at 
the  moment  of  mesh  impact  is  approximately  10% 
that  of  a helical  tooth,  reflecting  a spring  rate  an 
order  of  magnitude  higher.  As  a result,  the  limiting 
dynamic  load  on  the  spur  gear  will  be  about  three 
times  greater  than  that  on  the  helical  gear.  This 
analogy  also  holds  for  comparing  straight  and  spiral 
bevel  gears. 

4.  In  most  cases  the  torque  capacity  of  a hardened 
precision  helicopter  gear  set  will  be  limited  by  sur- 
face durability  rather  than  by  tooth  breakage  re- 
sulting from  dynamic  loads.  Many  failures  formerly 
attributed  to  dynamic  loads  have  been  recognized  re- 
cently as  resulting  from  resonant  or  vibratory  con- 
ditions that  may  occur  at  high  speeds  (par.  4-2.4. 1). 
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Determination  of  the  gear  tooth  load  Wt  is 
relatively  straightforward.  For  a first  approximation 
it  is 


(4-26) 


where 

(Q  » torque,  lh-in, 

D « pitch  diameter,  in. 

N - number  of  driven  gears  in  mesh  with  the 
driver,  dimensionless 

For  precise  calculations  the  pitch  radius  Dp/2  should 
be  replaced  by  the  radius  to  the  highest  point  of  single 
tooth  loading  (HPSTL)  as  determined  by  the  profile 
contact  ratio  for  spur  gears  or  by  other  con- 
siderations for  helical  and  bevel  gears.  These  con- 
siderations are  discussed  further  in  a subsequent 
paragraph  in  conjunction  with  discussion  of  the  geo- 
metric shape  factor  J. 

The  overload  factor  Kc  is  included  in  Eqs.  4-24  and 
4-2S  to  account  for  the  torque  pulsation  waveform  or 
for  roughness  of  the  transmitted  power,  and  hence  is 
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result  from  the  power  source,  the  driven  member,  or 
the  response  of  the  clastic  drive  subsystem  itself. 
Because  the  bending  stress  S,  must  be  within  the 
fatigue  endurance  limit  of  the  material,  K0  should  not 
be  used  to  account  for  occasional  overloads  of  low 
cumulative  cyclic  duration  unless  the  design  life  itself 
is  relatively  low;  i.e.,  less  than  10*  cycles.  Some 
examples  of  measured  K0  values  arc 

Ku  ■ 2.0  ~ first  gear  drive  from  six-cylinder, 
reciprocal  ig,  four-stroke  cycle, 
horizontally  opposed  aircraft  en- 
gine 

Ke  - 1.25  — gear  set  adjacent  to  high  angle 
Hooke's  joint  installation 

Ka  « 1.15  — gear  set  adjacent  to  typical  tail 
rotor  drive-shaft 

Ka  “ 1.2  — third-stage  gearing  in  six-cylinder 
reciprocating  engine  application 

K0  “ 1.0  — turbine  engine  speed  reduction 
gear  drive. 

The  misalignment  factor  Km  in  the  tooth  bending 
stress  equations  takes  into  account  the  lengthwise  or 
axial  load  distribution  on  the  face  of  the  loaded  gov 
mesh.  Three  primary  sources,  which  generally  are  ad- 
ditive, contribute  to  misalignment: 

1 . Initial  misalignment  due  to  manufacturing  inac- 
curacy or  deflected  axes  of  rotation  due  to  gcarsct 
load,  external  load,  or  thermal  gradient 

2.  Tocth  lead  slope  deviations  due  to  inaccuracy  in 
gear  manufacture 


•.* 


3.  Elastic  deflections  of  shafts,  gear  webs  and  rims, 
and  support  bearings. 

The  generally  accepted  relationships  for  the  mis- 
aligned factor  for  spur  and  helical  gears  -re 

Km  m . d’less,  for  Fm  £ F (4-27) 


Km  - ■= . d iets,  for  Fm  >F  (4-28) 

Fm  ‘ (F/2) 

where 

F « face  width  of  gear  tooth,  in. 

Fm  - average  value  of  effective  face  width  Fe 
forgiven  loading  condition,  in. 

The  average  face  width  Fm  in  these  equations  is  that 
width  which  can  be  considered  to  remain  in  contact 
under  an  effective  tooth  load  Wf  where,  from  Eq.  4-25 

W;-K0W,+  Wi,\b  (4-29) 

Empirical  expressions  for  Fm  are 

f 7W  ~l  1/2 


l^J 


for  spur  gears,  and  for  helical  gears 
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t - pitch  plane  misalignment  (net),  in./in. 
G “ lengthwise  tooth  stiffness  constant,  pr 
k m contact  line  inclination  factor  (Ref.  63), 
dimensionless 
Pb  = base  pitch,  in. 

Z " total  transverse  length  of  line  of  action, 
in. 

The  value  of  the  tooth  stiffness  constant  G in  these 
equations  usually  is  10*^  C 5 2.5  X JO*. 

The  correct  value  for  Km  for  “point-contacts”  such 
as  those  in  spiral  bevel  gears  may  be  considerably  less 
than  the  values  for  spur  or  helical  gears  due  to  the 
conformal  axial  curvature  and  curvature  mismatch 
used  to  localize  the  contact  pattern  within  the  tooth 
boundaries.  It  is  common  practice  to  use  a value  of 
Km  “ 1.1  for  aircraft  spiral  bevel  gears.  This  low 
value  is  particularly  justified  for  straddle  mountings 
used  in  conjunction  with  so-called  “small-cutter 
tooth  developments”.  Use  of  cutter  (and  grind-wked) 
diameters  equal  to  the  mean  coue  distance  at  low 
helix  angles  and  equal  to  less  than  tv  ice  the  cone  dis- 
tance at  high  helix  angles  is  an  example  that  would 
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meet  this  criterion.  In  general,  the  contact  pattern 
shifts  toward  the  heel  of  the  tooth  as  the  load  in- 
creases when  too  large  a cutter  is  used,  while  a shift 
toward  the  toe  results  from  use  of  an  excessively 
small  cutter  diameter.  The  correct  diameter  will  result 
in  approximately  equal  pattern  spreading  toward 
both  toe  and  heel. 

The  stress  evaluation  portion  of  Eq.  4-25  consists 
of  the  expression  (Pd/F)  (KJJ). 

The  diametral  pitch  divided  by  face  width  (PJF) 
defines  the  physical  size  and  hence  the  basic  strength 
of  the  gear  tooth.  Ks  is  a size  factor  to  account  for  the 
phenomenon  that  larger  components  may  not  exhibit 
fatigue  endurance  stress  levels  equal  to  those  for 
smaller  components.  It  is  grouped  with  other  terms  in 
the  equation  foi  gear  tooth  stress  S,  so  that  ready 
comparison  may  be  made  with  the  basic  material 
allowable  stress. 

For  spiral  bevel  gear  applications  Kef.  56  recom- 
mends for  Pd  <.  16  the  use  of 

Kj  » 2Pd~0l\  dimensionless  (4-32) 

and  for  16 

Kj  **  1.0,  dimensionless  (4-33) 

However,  for  spur  and  helical  gears  for  which 
feFjZ  12,  Ref.  54  suggests  Kt  “ 1 because  test  data 
have  produced  only  a slight  strength  difference  at- 
tributable to  size. 

It  should  be  emphasized  that  the  values  for 
given  by  Eqs.  4-32  and  4-33  are  based  upon  the 
assumptions  that  the  ratio  o>  case  depth  to  tooth 
thickness  remains  essentially  constant  for  case- 
hardened  gear  teeth,  and  that  the  characteristics  of 
case  und  core  material  and  residua!  stress  fields  are 
unaffected  by  size.  Although  the  letter  condition  can 
be  achieved  in  the  practical  sense  over  a fairly  wide 
range  for  case-carburized  materials,  it  cannot  be 
satisfied  for  nitrided  materials.  For  materials  such  as 
AISI  4340.  AMS  6470,  and  AMS  6475  that  are  to  be 
case-hardened  by  nitriding,  a correction  becomes 
necessary  as  the  diametral  pitch  increases.  While 
there  arc  few  published  data  in  this  area,  reasonable 
corrections  lor  nitrided  AISI  4340  or  AMS  6470  for 
various  values  of  pitch  diameter  Dp  are 


A,-l  for/?  £12 

K,  « 1 2/ Pp  for  1 1 > D > 3 (4-34) 

K,  -4  for  D S3 


while  for  nitrided  AMS  6475  if  is  appropriate  to  use 

A,-l  for  Df  ^9 

K,  - 0.5  + 4.5 /Df  for  9 > D > 3 (4-35) 

K.  "■  2 for  D.£2 

F 

The  geometric  shape  factor  J is  used  to  account  for 
the  shape  of  the  cantilevered  gear -tooth  beam;  and  it 
includes  the  influences  of  stress  concentration,  load 
sharing,  and  the  modified  Lewis  form  factor.  The 
recommendod  equations  for  J are: 

for  spur  gear, 


where 

Y 

*r 


J - - — , dimensionless 
KftnH 


(4-36) 


form  factor,  dimensionless 

stress  concentration  factor  (Ref.  63), 

dimens:onIes$ 

contact  ratio  factor,  dimensionless 


for  helical  gear; 


where 

K 

ch 


* 


* A vw'»  T 
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(4-37) 


form  factor,  dimensionless 

load  inclination  factor,  dimensionless 

helix  angle,  deg 


and  for  bevel  gear; 


J " ijwfy  ■ d'le“  (4'38) 

where 

Yk  ~ form  factor,  dimensionless 
R,  ° distance  from  pitch  circle  to  point  of 
load  application,  in. 

Ft  - effective  face  width,  in. 

Kt  ® inertia  factor,  dimensionless 

R « mean  transverse  pitch  radius,  in. 

Pd  * transverse  diametral  pitch  (measured 
at  large  end  of  bevel  gear),  in.-' 

Pm  * mean  transverse  diametral  pitch,  in.*1 
Eq.  4-38  is  taken  from  a Gleason  standard  (Ref.  64) 
and  is  presi  ted  primarily  for  discussion  of  the  perti- 
nent parameters.  As  mentioned  previously,  a more 
thorough  and  accurate  evaluation  can  be  obtained 
with  the  computer  program  of  Ref.  56. 

The  modified  Lewis  form  factor  appears  as  Y,  Yc, 
and  Yk  in  Eqs.  4-36, 4-37,  and  4-38,  respectively.  This 
factor  is  based  upon  bending  stress  calculation  for  a 
parabolic  cantilever  beam  inscribed  within  the  in- 
volute tooth  form  with  the  point  of  tangency  between 
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the  parabola  and  the  involute  and  the  point  of  load 
application  being  the  significant  factors  governing 
the  Ureas,  This  form  factor  reduces  the  extreme  fiber 
tensile  stress  with  a compression  component  of  the 
tooth  normal  load.  The  load  application  point  for  the 
spur  gear  factor  Y always  should  be  taken  at  the 
calculated  HPSTL  and  at  the  tip  of  the  involute  gear 
profile  for  the  helical  gear  factor  Yc.  Th  i 
determination  of  the  load  point  for  the  bevel  gear  fac- 
tor Yk  is  baaed  upon  certain  assumptions  concerning 
the  load  contact  pattern  geometry  of  the  bevel  tooth, 
The  great  difference  between  the  assumptions  of  Ref. 
64  and  the  updated  version  of  Ref.  56  accounts  for  a 
considerable  change  in  the  calculated  stress.  Use  of 
the  modified  Lewis  form  factors  in  conjunction  with 
a stress  concentration  factor  Kf  has  proven  to  be  as 
accurate  as  any  method  known  for  involute  gear 
tooth  stress  calculation  within  the  range  of  picture 
angles  14.5  deg  < d<  25  deg.  However,  a significant 
degree  of  inaccuracy  may  occur  outside  this  range  as 
well  as  for  internal  gear  tooth  forms  and  for 
maximum  fillet  radius  configurations. 

The  influence  of  the  stress  configuration  due  to  the 
relative  fillet  radius  and  load  point  location  is  ac- 
counted for  in  which  is  derived  from  the 
photostress  work  oi  Dolan  and  Broghamer.  It  should 
be  noted  that  an  effective  A'  is  included  in  the  values 
for  Yk  in  Eq.  4-38. 

The  effective  load  apportionment  due  to  load- 
sharing  among  the  meshing  teeth  is  accounted  for  in 
the  contact  ratio  fact*?  »,\v  For  spur  gears  for  which 
the  profile  contact  ratio  ,v;  < 2,0, « tu  » 1 because  all 
calculations  art  Jvsscd  upon  the  HKfL  For  2.0  <.  m 
5 3.0,  « f 0 who  «Fc  highest  point  of  double 

tooth  contact  is  uteri  Sor  (kor.tmination  of  tl.v 
geometric  chape  factor  J.  For  helical  gears  the  axitl 
or  face  comact  r.vtio  is  tddifiotsKtiy  accounted  for  by 

US.iijg 


m„  * i\  \0.95  Z}„  dimensionless 


(4-39) 


where 

p„  * norm*'  i!  rcukas  pitch  (helical  gear),  in. 

Z *>  tmittvafu  length  of  iinc  of  action,  in. 

For  spiral  bf.vCa  gear*,  the  modified  ctyuact  ratio  m0, 
which  is  a toot-mean  square  (r*:s)  summation  of  the 
efiVctivu  profik.  and  face  contact  ratio,  is  used.  When 
£ 2,i\  but  for  ntc  > 2.0 


pisJ  + 2 


mi 1 - 4)1 


d’ler.  (4-40) 


The  C4  factor  used  in  Eq.  4-37  accounts  for  the 
inclination  of  the  load  contact  line  and  is  derived 


from  cantilever  plate  bending  theory  as  presented  in 
Ref.  65. 

Ch . d ’lets (4-41) 

1 Vloo  “loifj 

where 

v - helical  tooth  load  line  inclination  angle  u 
Tan-1  sin^tan^),  deg 

d*  ■=  normal  pressure  angle  (hclics1  gear),  deg 

i - gear  tooth  spiral  angle,  deg. 

The  inertia  factor  Kt  in  Eq.  4-38  accounts  for  a 
reduced  contact  ratio.  For  m0  > 2.0,  K,  ® 1.0  and  for 
m0  < 2.0,  K,  - 2.0 /m„. 

Eqs.  4-36  through  4-38  are  of  assistance  in 
evaluating  the  stress  at  the  location  assumed  to  be  the 
weak  point  of  gear  teeth.  Test  results  often  indicate, 
however,  that  failures  originate  not  in  the  fillet  near 
the  involute  flank,  but  rather  deeper  toward  the  root 
or  higher  on  the  tooth  flank. 

In  the  former  case,  the  crack  propagation  is  fre- 
quently downward  through  the  rim  rather  than  in  an 
arc  across  the  tooth.  This  tyi>e  of  failure  is  not  ar.  ac- 
ceptable failure  mode  because  a large  section  of  the 
gear  rather  than  a single  tooth  tends  to  break  off. 

Breakage  high  on  the  flank  may  result  from  the  use 
of  too  thin  a tooth  on  a rigid  base  with  less-than- 
optimum  blend  between  the  fillet  and  the  flank.  A 
low  bi’cik  frequently  arises  when  the  back-up  rim  is 
too  thin.  !>.  it  is  case  the  rim  bending  stress  (due  to 
tooth  load  nu  ment  about  the  rim  neutral  axis)  can  be 
greater  than  the  assumed  cantilever  tooth  bending 
stress.  Because  rim  curvature  and  web  resistance 
enter  into  this  analysis,  it  is  incorrect  to  consider  only 
the  rim  thickness.  However,  for  spur  and  iow-heiix* 
angie  helical  gears  of  about  40  teeth,  a rim  thickness 
equal  *c  the  tooth  depth  is  generally  accepted  as  ade- 
quate. Slightly  lesser  vluca  may  be  used  for  gears 
with  fever  tecih  while  greater  values  may  be  needed 
for  gesrn  with  suer*  than  40  teeth.  The  existence  of 
high  thrust  loads  m helical  or  bevel  gears  will  com- 
plicate the  unulyris.  Considerable  web  and  rim  rein- 
forcement if,  ncceafary  to  develop  full  tooth  strength 
potent!,.!  it.  high- thrust-component  spiral  bevel 
pinions. 

Itecause  the  preceding  analyses  are  two-dimen- 
sional, l fwy  are  not  suitable  for  definition  of  maxima 
for  & triaiial  stress  field.  Computerized  methods  of 
finite  element  analysis  are  expected  eventually  to  af- 
fo;  d accurate  solutions  for  these  conditions 

Additional  precision  of  high-speed  gearing  analy- 
ses may  N obtained  by  inclusion  of  the  hoop  stress  Sh 
in  the  geat  rim  due  to  the  centrifugal  acceleration.  A 
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conservative  value  foi  this  steady  stress  (at  a con- 
stant speed)  may  be  taken  as 

S*  " 7.095  X lQ-»p(n£>,)>  . P*i  (4-42) 


where 

7.095  x 10  ‘ - dimensional  constant 

p ■ material  density,  lb/in,1 

n - gear  speed,  rpm 

D,  - gear  root  diameter,  in. 

The  oscillatory  stress  due  to  bending  S,  may  be  com- 
bined with  the  hoop  stress  5*  by  use  of  a modified 
Goodman  diagram  constructed  on  the  basis  of  the 
material  properties  of  the  specific  gear.  The  modified 
Goodman  diagram  can  be  used  to  account  for  the  re- 
duced allowable  bending  limit  for  an  idler  gear  ap- 
plication in  which  the  calculated  stress  is  fully  re- 
versing. Use  of  the  diagram  is  discussed  in  detail  in 
Ref  54. 

A maximum  safe  working  value  of  tooth  stress 
due  to  bending  can  be  determined  as 


where 


SalK, 


, psi 


(4-43) 


Sal  allowable  endurance  limit  stress,  psi 
K,  » life  factor,  dimensionless 
K,  = temperature  factor,  dimensionless 
K,  « reliability  factor,  dimensionless 
The  life  factor  K,  is  assumed  as  unity  for  all 
applications  designed  for  infinite  life,  i.t„  greater 
than  10’  cycles.  All  Army  helicopter  power  gearing 
designs  must  meet  this  criterion.  The  temperature 
factor  K,  is  taken  as  unity  provided  the  gear  blank 
operating  temperature  is  bvlov'  the  hardness  draw 
temperature  fe*  ,hc  materia!  in  use;  this  criterion 
must  be  satisfied  by  all  Army  helicopter  power 
gearing  designs.  The  reliability  factor  K,  effectively  is 
a factor  of  safety  that  is  used  when  the  statistical  con- 
fidence and  reliability  (test  data  scatter)  are  unknown 
for  a given  mean  value  of  the  endurance  limit  stress. 
In  such  casts,  a value  of  3.0  is  recommended  for  Kr. 
When  the  allowable  endurance  limit  Sal  is  known  for 
the  specified  reliability  level,  Kt  1,0 
Sa,  always  should  be  chosen  to  reiicct  the  desired 
reliability  for  the  design  application.  A generally 
recognized  safe  design  practice  for  helicopter  gearing 
is  to  select  Sal  as  the  value  3 standard  deviations  (3o) 
below  the  mean  endurance  limit  demonstrated  by 
test.  The  value  of  the  standard  deviation  a,  as  well  as 
the  mean  endurance  limit,  varies  greatly  with 
material,  heat  treatment  practices,/  manufacturing 
variability,  and  the  quality  control  level  exercised  in 
final  component  acceptance  inspection  and  non- 
destructive test  and  evaluation  methods.  Endurance 


limit  data  and  an  applicable  value  for  a,  may  be  ob- 
tained from  an  R.  R.  Moore  rotating  beam  specimen 
test.  Extreme  care  must  be  taken  to  duplicate  every 
metallurgical  and  manufacturing  characteristic  of  a 
gear  itself  or  the  data  are  useless.  However,  the  value 
of  a from  these  tests  invariably  will  be  smaller  than 
that  for  the  more  complex  production  gear. 

Refs.  66,  67,  and  68  present  the  results  of  indepen- 
dent test  programs  conducted  to  determine  an  ac- 
curate mean  endurance  limit  for  carburized  AMS 
6265  gears.  The  resultant  S0  values  vary  from 
160,000  to  210,000  psi.  Relative  strength  data  for 
many  materials  and  processes  as  treated  in  single 
tooth  (pulsor)  machines  over  a IS-yr  period  may  be 
found  in  Ref.  69.  The  variability  of  a and  S„  with 
material  and  process  is  shown  in  Fig.  4-22,  extracted 
from  Ref.  41.  None  of  the  test  gears  were  shot  pecned 
since  this  process  could  i.-ve  masked  the  inherent 
differences  in  the  materials  and  processes. 

The  endurance  limit  is,  of  course,  merely  one  of 
several  factors  that  must  be  assessed  by  the  designer 
in  making  his  gear  material  selection.  Aside  from  the 
obvious  criteria  of  familiarity,  confidence  level  in 
manufacturing  and  process  control,  cost,  tempera- 
ture environment,  and  size,  the  crack  propagation 
characteristics  must  be  satisfactory.  Although  the 
safe  design  stress  for  one  candidate  material  may  be 
far  higher  than  that  of  another,  it  also  must  be 
assumed  that  ballistic  damage  or  secondary  damage 
will  occur  in  any  critical  gear  mesh  of  an  Army  heli- 
copter. Such  damage  could  result  in  an  impact-type 
overload  that  could  cause  a through  hardened,  high- 
tensile-strength  material  to  shatter  and  fail  instantly 
The  degree  of  ductility  provided  by  a core  structure 
of  lower  hardness  (commonly  core  hardness  20  points 
Rockwell  C lower  than  the  case)  is  often  sufficient  to 
provide  a safe  failure  mode  with  a relatively  low  rate 
of  crack  propagation.  When  this  technique  cannot  be 
employed,  the  use  of  lower  hardness  gradients 
together  with  geometric  crack  stoppers  may  suffice. 
Ref.  70  is  a useful  primer  on  the  fracture  mechanics 
for  the  gear  designer. 

The  use  of  properly  controlled  shot  peening  in  the 
gear  fillet  area  often  can  reduce  scatter  (smaller  a) 
and  in  some  instances  can  increase  the  design 
allowable  $al  by  15  to  25%  in  carburized  AMS  6265 
gears.  Practices  vary  widely  with  regard  to  peening  of 
gear  tooth  faces.  Some  specifications  require  masking 
the  faces  during  peening,  others  require  removal  of 
the  effects  of  peening  by  flank  grinding  or  honing, 
and  still  others  allow  peening  of  the  running  sur- 
faces. Peening  requirements  are  tailored  to  the  gear 
application,  but  certain  generalities  may  be  stated: 

I.  Peen  in  accordance  with  MIL-S-13I65. 
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Figure  4-22.  Single  Tooth  Pulser  Gear  Fatigue  Test  Results 
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2.  Use  cast  iron,  steel,  or  cut  steel  wire  shot  of 
diameters  no  larger  than  one-half  the  smallest  Fillet 
radius. 

3.  Use  several  hundred  percent  coverage. 

4.  Dcicrniific  intensity  with  Aimer;  test  strips 
positioned  to  simulate  the  exact  surface  location  to  be 
pcened. 

5.  Never  exceed  C.016A  intensities. 

6.  Do  not  peen  very  hard  (>  Rf  64)  or  brittle 
surfaces  such  as  nitrided  AMS  6470,  AMS  6475,  or 
similar  materials.  However,  cleaning  and  abrasive 
grit  or  glass  shot  at  intensities  up  to  0.010N  is  per- 
missible. 

4-2. 2. 1,2.2  Scoring  Failure 

When  two  gear  teeth  slide  together  under  load, 
there  is  considerable  heat  generation  in  the  localized 
conjunction  even  in  the  presence  of  a lubricant.  When 
the  rate  of  heat  buildup  exceeds  the  rate  of  heat  trans- 
fer away  from  the  conjunction,  the  resultant  tempera- 
ture rise  acts  to  reduce  the  lubricant  viscosity,  thus 
reducing  the  thickness  of  the  separating  oil  Film.  In 
the  full  EHI>  lubrication  zone,  the  temperature  rise 
Vmay  serve  to  reduce  the  friction;  however,  as  the  Film 


thins  and  conditions  change  tc  the  transitional  or 
boundary  lubrication  regime,  the  friction  generally 
increases.  Consequently,  the  unstable  condition  may- 
be created  that  eventually  will  result  in  harsh  metal- 
tc-meta!  contact  and  a surface  energy  density  suf- 
ficient to  “melt”  and  smear  a tuin  layer  of  the  gear 
tooth  surface.  This  smearing  condition  is  referred  to 
as  scoring  or  scuffing.  Although  the  physics  ot  the 
phenomenon  remains  the  source  of  much  debate  and 
intensive  research,  certain  factors  are  understood  suf- 
ficiently well  to  permit  engineering  design  that  will 
minimize  scoring  risk  for  a given  set  of  operating  con- 
ditions. There  are  five  fundamental  approaches  the 
designer  must  consider: 

1 . Selection  of  the  propet  diametral  pitch,  taking 
care  to  balance  bending  strength  against  scoring  (Fig. 
4-21).  Higher  speeds  call  for  the  use  of  finer  pitches, 
it  always  should  be  possible  to  select  a pitch  range  in 
which  putting  endurance  is  the  life-limiting  faihuv 
mode. 

2.  Use  of  a contact  ratio  sufficient  to  insure  load 
sharing  by  at  least  two  pairs  of  muting  teeth  in  the 
higher  sliding  velocity  ranges  of  the  tooth  contact. 
The  profile  contact  ratio  for  straight  spur  gears 
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operating  in  the  velocity  ranges  of  scoring  sensitivity 
never  should  be  less  than  1.65.  a value  that  permits 
two-tooth  load  sharing  in  the  first  and  last  thirds  of 
meshing  contact.  The  profile  contact  ratio  may  be 
reduced  for  helical  a id  spiral  bevel  gears  when  the 
face  contact  ratio  is  sufficient  to  assure  a total 
developed  contact  ratio  of  2.0  or  greater.  Reliable 
achievement  of  these  contact  ratios  requires  ac- 
curacy of  tooth  spacing,  profile  slope,  and  lead  slope. 

3.  Selection  of  tooth  numbers  to  insure  hunting 
tooth  action.  In  general,  this  requires  that  the  number 
of  teeth  in  any  two  ineshing  gears  be  relatively  prime; 
i.e.,  that  there  be  no  common  factors.  An  indication 
of  the  significance  of  this  requirement  is  given  by  Fig. 
4-23,  which  illustrates  the  difference  in  scoring  load 
limit  between  gear-synchronized  and  separate  motor 
driven  4.0  in.  diameter  test  discs  operating  in  M1L-L- 
7808  oil  (Ref.  71). 

4.  Modification  of  the  involute  profile  to  compen-  - 
sate  for  deflection  of  the  teeth  under  load-deflected 
load  so  that  the  loading  on  the  entering  and  leaving 
tooth  pair  contacts  varies  smoothly  rather  than  in  a 
step-function.  This  not  only  minimizes  the  trans- 
mitted load  carried  at  the  sliding  velocity  extremes, 
but  reduces  the  dynamic  ioad  increment  as  well. 

5.  Provision  of  adequate,  uniformly  distributed  oil 
flow  to  the  entire  tooth  face  width.  The  dual  function 
of  cooling  and  lubrication  is  best  served  by  use  of 
both  in-mesh  and  out-of-mesh  oil  jets.  When  both 
jets  cannot  be  employed  (either  to  minimize  windage 
losses  or  because  of  marginal  pump  supply),  it  usual- 
ly is  best  to  retain  the  in-mesh  jet  for  high-speed 
gearing  and  the  out-of-mesh  jet  for  low-speed 
gearing. 
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Figure  4-23.  Scuffing  Load  vs  Sliding  Velocity  — 
Synchronized  and  U asynchronized  Discs 


The  most  satisfactory  technique  currently  available 
lor  calculating  gear  scoring  risk  Is  based  upon  the 
critical  temperature  hypothesis  (Ref.  72).  This  hypo- 
thesis suggests  that  for  every  oil-metal  combination, 
there  exists  a critical  constant  conjunction  tempera- 
ture at  or  above  which  surface  scoring  occurs.  Ap- 
plication of  the  concept  requires  determination  of  ap- 
propriate values  of  the  critical  temperature  Tc  and  the 
temperature  of  the  conjunction  Tf  + AT  with  Tt  the 
initial  temperature  of  the  oil-mesh  interlace  as  it 
enters  mesh  and  A T being  the  temperature  rise 
during  the  meshing  cycle.  The  critical  temperature 
hypothesis  implies  that  the  limiting  or  failure  load  Wf 
is  related  to  certain  design  variables.  The  specific 
relationship  has  been  reduced  to  standard  gear  termi- 
nology and  published  by  AGMA  (Ref.  73).  Avcrag : 
values  for  thermal  conductivity,  specific  heat,  densi- 
ty, and  an  assumed  constant  coefficient  of  friction  of 
/ * 0.06  have  been  incorpoictud  into  the  empirics! 
questions  for  the  temperature  rise  A T and  the 
scoring  geometry  factor  2, 
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(4-44) 


where 

Hy  * total  effective  gear  tooth  load,  lb 

Ft  - effective  face  width,  in. 

5 - rms  surface  finish,  pin. 

n,  - pinion  speed,  rpm 

Z,  - scoring  geometry  factor,  dimensionless 


(4-45) 


where 

N.  * number  of  teeth  in  pinion 

Ng  - number  of  teeth  in  gear 

Pj  - diametral  pitch,  in.*1 

rf  «■  radius  of  curvature  of  gear  tooth,  in. 

r " radius  of  curvature  of  pinion  tooth,  in. 

<t>,  *=  transverse  operating  pressure  angle, 

deg 

In  using  Eqt.  4-44  and  4-45,  Tt  is  assumed  as  equal  to 
the  oil  inlet  temperature.  However,  considerable 
error  can  be  introduced  through  the  actual  values  of f 
and  T,  because  the  friction  coefficient  is  often  lower 
than  0.06  and  the  pinion-gear  surface  temperatures 
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often  ire  higher  than  those  at  the  oil  inlet.  However, 
because  these  two  errors  are  opposite  in  effect,  suf- 
ficient cancellation  occurs  to  render  the  equations 
acceptable  for  estimation  purposes. 

Ref.  73  defines  the  critical  temperature  Tc  with 
respect  to  scoring  risk,  rating  Tt  - 500 °F  as  a high 
risk,  300°  F as  a medium  risk,  and  lessor  tempera- 
tures as  low  risks.  Therefore,  the  value  of  the  con- 
junction temperature  Tt  + A 7'  under  design  load 
conditions  should  be  less  than  the  value  of  Te 
assc  iated  with  an  acceptable  level  of  risk. 

There  is  no  accepted  or  inherently  accurate  method 
for  calculating  Tt,  although  measurements  of  typical 
helicopter  pinions  have  shown  values  100°F  greater 
than  oil  inlet  temperatures.  Although  it  is  well  known 
(Refs.  74  and  75)  that  above  a certain  critical  speed 
the  scoring  load  of  a given  gear  set  will  increase,  the 
AGMA  equation  docs  not  reflect  this  consideration 
since  no  spcod  term  other  than  sliding  velocity  was 
used  in  the  development  of  Eqs.  4-44  and  4-45. 

An  improved  calculation  method  uses  speed- 
dependent  friction  coefficients  (Ref.  76)  combined 
with  the  effects  of  tooth  load  sharing.  The  method  for 
digital  CCmputCf  use  foilcwi; 

1.  Subdivide  the  active  tooth  profile  into  at  least 
20  equally  spaced  points. 

2.  Calculate  r and  rg  at  each  point. 

3.  Calculate  Z,  at  each  point. 

4.  Calculate  / at  each  point  by  method  shown  in 
Ref.  76  or  using  suitable  empirical  data. 

5.  Replace  Z,  in  Eq.  4-44  with  Z/,  a modified 
scoring  geometry  factor. 
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6.  Calculate  a value  of  H'/  adjusted  to  account  for 
load  sharing  at  multiple  tooth  contact  points,  in- 
cluding effects  of  profile  modifications. 

7.  Calculate  AT  and  conjunction  temperature  T, 
+ AT  at  each  point. 

Proper  load  sharing  distribution  in  the  two-tooth 
contact  zone  must  be  provided  for  by  involute  profile 
modifications.  There  are  many  techniques  in  use  for 
calculation  of  these  modifications,  most  of  them 
based  upon  the  practices  recommended  by  Ref.  77. 
Even  though  the  calculated  values  are  slightly  low  for 
thin-rim  helicopter  gearing,  the  tooth  deflections  ob- 
tained by  the  methods  of  Ref.  78  should  be  used  for 
the  profile  modification  technique.  The  first  point  of 
contact  (pinion  dedendum  with  gear  tip)  is  the  most 
critical  with  respect  to  the  overload  effects  of  tooth 
\spacing  errors,  and  produces  the  higher  absolute 
% 

\ 


values  of  the  friction  coefficient  (Figs.  4-6  and  4-7) 
Therefore,  to  achieve  the  best  profile  modification  for 
scoring  risk  reduction,  the  preceding  calculations 
should  be  slightly  biased  to  increase  the  Ataterial 
removal  at  first  point  of  contact  while  decreasing  the 
removal  at  the  last  point  of  contact.  A 20-30%  bias 
shift  is  generally  satisfactory.  If  practicable  reduc- 
tions in  scoring  risk  are  to  be  obtained  through  in- 
volute modification,  profile  slope  tolerances  must  be 
held  between  £ 0.0001  and  £ 0.0002  in.  for  the 
modified  zones  and  tooth-to-tooth  spacing  ac- 
curacies of  0.0002-0.0003  in.  must  be  achieved.  Ade- 
quacy of  the  calculated  design  values  must  be  con- 
firmed during  initial  gearbox  bench  testing.  Proper 
profile  modifications  for  helicopter  applications  must 
reveal  full  visual  profile  contact  throughout  the  range 
50-75%  of  the  red  line  power;  if  less  than  full  contact 
is  achieved,  the  resultant  loss  of  contact  ratio  at  nor- 
mal cruise  power  may  cause  excessively  rough  and 
noisy  eperation  with  an  attendant  reduction  in  pit- 
ting life  When  the  level  of  sophistication  described  is 
used  in  the  calculation  of  i)  + AT,  together  with 
precision  in  manufacture,  the  risk  evaluations  of  T. 
should  uc  modified,  a value  of  Tc  *■*  5GG“F  remains 
high  risk,  but  Tc  = 400°F  as  a medium  risk  thus 
would  be  a suitable  classification  for  carburized  AMS 
6265  gears  operating  in  MIL-L-7808  or  M1L-L-23699 
lubricants. 

The  preceding  analyses  do  not  adequately  account 
for  certain  factors  that  are  known  lo  influence  the 
calculated  temperature  rise  AT  aud  the  true  7't  for 
synthetic  lubricants.  Among  these  factors  are: 


1.  The  differences  in  friction  and  wear  additive  ef- 
ficiency between  MIL-L-7808  and  M3L-L-23699  oils 
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3,  The  influence  of  EHD  behavior  as  a function  os 
temperature  and  velocity. 

When  tests  are  conducted  under  closely  controlled 
conditions  wherein  the  friction  coefficient  /,  the  in- 
itial temperature  T,,  and  the  EHD  parameters  are 
known  with  accuracy,  it  has  been  reported  that  the 
assumption  that  Tc  is  constant  actually  is  invalid. 
Ref.  20  shows  a semi-log  correlation  between  Te  and 
a dimensionless  EHD  parameter  (y,  which  depends 
upon  the  initial  viscosity  na\  the  sliding  and  total 
velocities  V}  and  Vr  respectively;  pitch  radius  R,  and 
compressive  (hertz)  stress  at  failure  S(J-.  In  this  cor- 
relation the  value  of  Tc  for  well  heat  treated,  low 
retained  austenite,  case  carburized  AMS  6265 
operating  in  MIL-L-7808  drops  from  ubout  600°F  to 
about  430°F  when  the  value  of  ^increases  by  a factor 
of  1 0*  (from  I0_,*to^“  lu~,T).  Values  of  Tc  are 
approximately  100  deg  F less  for  lower  quality  (with 
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high  retained  austenite)  case  carburized  AMS  6265 
opetnting  in  the  Mine  lubricant  (Ref.  71). 

The  reduction  in  with  an  increase  in  ij  it  due  to 
the  complex  interaction  of  V,  and  For  constant 
Vf*  Tc  fails  sharply  and  then  levels  off  as  V,  it 
increased,  while  Tc  increases  exponentially  with  VT 
when  V,  it  held  constant.  Because  the  ratio  V,/Vr  is 
constant  for  a given  gear  design,  these  opposite  ef- 
fects tend  to  cancel  each  other  over  common  ranges 
of  gear  operating  speeds  and  loads,  producing  a rela- 
tively constant  value  of  Tc. 

When  actual  friction  data  for  e given  lubricant- 
metal  combination  are  not  available,  the  trends 
shown  in  Fig.  4-24  (Ref.  71)  are  helpful  in  design 
review  and  evaluation. 

From  a practical  viewpoint,  when  overpower  tests 
show  that  scoring  risk  is  marginal,  the  problem  may 
be  eliminated  by  such  relatively  minor  remedial  ac- 
tions as: 

1.  Improving  the  run-in  cycle  by  u~!  'g  longer  runs 
at  increased  load  and  reduced  speed  to  reime  the 
operating  surface  finishes 

2.  Reducing  the  manufactured  surface  roughness 
through  better  grinding  practice  or  the  Use  of  gear 
tooth  boning  where  possible 

3.  Reducing  the  value  of  Tt  through  increased 
lubricant  flow  or  cooler  lubricant  supply. 

When  such  measures  prove  inadequate,  the  lubricant 
and  the  metallurgical  micrortructure  should  be 
evaluated.  If  neither  can  be  improved,  it  may  be 
possible  to  improve  the  involute  modification  or  pro- 
file and  the  tooth  spacing  error, 


44.2.1,2.3  Pitting  Failure 
There  are  several  pitting  failure  modes  that  in  their 
advanced  states  produce  the  same  end  result:  exten- 
sive spalling  and  tooth  fracture.  Only  three  of  these 
modes  are  relevant  to  the  type  of  gearing  used  in 
modern  helicopter  drive  subsystems.  They  may  be 
classified  u case  failure,  classic  or  pitch-line  fatigue, 
and  wear-initiated  failure. 


4-2.2. 1 .2.3.1  Case  Failure 

This  mode  results  simply  from  inadequate  depth  of 
case  to  support  the  operating  load.  It  may  be  avoided 
by  adjustment  of  either  unit  load  or  case  depth  to  ob- 
tain a ratio  of  subsurface  shear  stress  to  sheer  yield 
strength  in  excess  of  & particular  critical  value.  Ref. 
79  recommends  that  a value  of  0.55  for  this  ratio  not 
be  exceeded;  however,  for  high-quality  helicopter 
£ »ring  transient  operations  at  values  between  0.55 
and  1 .0  should  not  result  in  failure.  Extended  opera- 
tion above  the  critical  ratio  will  cause  subsurface 
cracks  to  occur  near  or  in  the  case-core  transition 
area  as  a result  of  the  repetitive  subsurface  shear . 
Stmuinv  These,  iuhiurfue  cracks  soon  inread  to  the 
tooth  profile  surface  and  generally  result  in  numerous 
brittle  longitudinal  fractures  in  the  general  area  of  the 
single-tooth  contact  zone.  Total  mutilation  of  the 
tooth  profile  then  results  from  only  a few  additional 
cycles  of  load  application. 

The  variation  of  subsurface  shear  stress  with  depth 
may  be  calculated  in  a straightforward  manner.  The 
magnitude  of  the  subsurface  shear  for  a given  depth  is 
a function  of  Sc  and  the  Hertzian  contact  band 
semiwidlh  b.  The  calculation  should  be  made  for  the 
lowest  point  of  single  tooth  contact  (LPSTC)  on  the 
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considerably  weaker)  because  this  produces  the 
maximum  value  of  5(.  Sc  may  be  calculated  in 
accordance  with  the  methods  shown  in  par.  4- 
2.2.1. 2.3.2.  The  effective  tootn  load  W,'  and  the  radii 
of  curvature  should  be  adjusted  for  the  LPSTC.  The 
Hertzian  semiwidth  b is  related  to  S(  in  the  following 
manner: 


b - (2.50  X |<h’)/~i-V  , in.  (4-47) 

Vf  + V 

where  rp  and  f.  are,  as  defined  previously,  the  radius 
of  curvature  of  the  pinion  and  geai  tooth,  respective- 
ly 

Table  4-5  next  should  be  used  to  cake  late  values  of 
shear  stress  St  at  12  depths.  These  values  then  may  be 
plotted  along  with  the  allowable  stress  as  shown  in 
Fig.  4-25.  The  allowable  values  shown  are  55%  of  the 


Figure  444.  Scuffing  Load  vs  Iabr  Leant  — 
Dnaytkcbroaized  Discs 
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TABLE  4-5.  SHEAR  STRESS  VS  DEPTH 


DEPTH,  in- 

SHEAR  STRESS  - 

C,  x b 

C3  x St 

VALUE  OF  C, 

VALUE  OF  C3 

0.05 

0.090 

0.10 

0.160 

0.25 

0.276 

0.33  / 

\ 0.314 

0.60 

0.293 

0.60 

0.278 

0.75 

0.252 

1.00 

0.211 

1.25 

0.179 

1.50 

0.154 

2.25 

C.107 

3.00 

0.082 

^MAXIMUM  VALUE  Of  ORTHOGONAL  SHEAR 
STRESS  OCCURS  AT  DEPTH  « 0.33  b FOR 
CYLINDRICAL  HERTZIAN  CONTACT 


shear  yield  strength,  as  a function  of  hardness  at  the 
given  depth.  An  approximate  relationship  between 
hardness  to  shear  yield  stress  is  shown  in  Fig.  4-26. 
The  allowable  values  of  shear  stress  neur  the  sur.ace 
are  omitted  because  of  the  large  residual  compres- 
sive stress  field  normally  in  existence  there.  Because 
this  residual  field  will  reduce  the  effects  of  the  im- 
posed subsurface  shear  stresses,  this  region  is  not 
critical  to  the  analysis;  the  occurrence  of  failure  in 
this  region  is  limited  to  the  high  hardness  gradient 
transitional  depths. 

4-2.2.I.2J.2  Classic  or  Pitch  Line  Fatigue 
Classic  or  pitch-line  pitting  has  been  treated  ex- 
tensively in  the  literature  and  is  related  closely  to 
classic  bearing  fatigue.  Pitting  life  may  be  calculated 
as  a function  of  Hertzian  stress  Sc\  it  is  a phenomenon 
associated  with  rolling  contact,  and  the  theory  is  not 
applicable  if  surface  traction  or  shear  stresses  are  of 
considerable  magnitude.  Consequently,  valid 
analytes  are  limited  to  full  EHD  lubricant  film 


ALLOWABLE 


DAS  CARBURIZED  AMS  6265  - Rc60  TO  0.020  in 
RcM TO  OLOttm  . CORE -Re  38 
AAS  NITRUED  AMS  C475-Rc  CO  TO  0.007  in., 

Rc  50 1C  03)11  in. .CORE  - Rc  *1 


DEPTH  BELOW  SURFACE,  in. 


Figure  4-25.  Case  Depth  Allowable  vs  Subsurface  Shear 
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reparation  as  depicted  in  Regime  II  of  Fig.  4-3. 
Operating  in  this  region  is  not  observed  often  in  heli- 
copter drive  subsystems  where  low-viscosity  syn- 
thetic lubricants  are  used,  except  in  the  very  high 
ImhI  Marins  stages.  Tot®'  velocities'  V7  - y.  4-  V.  of 
the  order  of  15,000  ft/min  or  greater  are  required  to 
achieve  Regime  II  conditions. 

The  fundamental  ACMA  approach  to  the  calcu- 
lation of  pitting  life  is  given  in  Ref.  80.  For  helicopter 
use,  the  following  adaptation  is  suggested  for 
calculation  of  the  Hertz  stress  Sc: 

Sc  - C,  psi  (4-48) 

where 

C.  - elastic  coefficient,  (psi)  J 
k m stress  factor,  psi 

I « stress  index  modifier,  dimensionless 

In  Eq.  4-48  the  elastic  coefficient  C,  is  given  by 

C,  - lf~,  (psi)*  (4*49) 

where 

k **  geometry  factor,  dimensionless  (for 
cylindrical  contact  k * 2.0;  for  elliptical 
contact  k - 3.0) 

F ■■  combined  modulus  of  elasticity,  psi 
given  as 


/l+M?  1 

\ £,  E,  7 

where  it,  are  the  Poisson’s  ratios. 
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The  stress  factor  K it  defined  as 


where 

W',  ■*  total  effective  tooth  load  (Eq.  4-29),  lb 
d » pinion  pitch  diameter,  in. 

F *■  face  width,  in. 

mg  ■ gear  ratio  Nt/Nf,  a number  mg>-  1 .0 
In  Eq.  4-50  the  term  (mg  + l)  is  used  with  counter- 
formal  teeth  and  (mg  - 1)  is  used  with  conformal 
teeth.  The  effective  tooth  load  W‘t  varies  from  that 
used  in  Eq.  4-29  in  that  Wt  is  taken  at  the  pitch  line, 
and  for  most  applications  W4  - 0 because  the  pitch 
line  load  is  governing  while  an  incremental  dynamic 
load  usually  is  limited  to  the  initial  mesh  contact. 
The  stress  index  modified  / in  Eq.  4-48  is  defined  as 

/ - — , d’less  (4-51) 

where 

C;  - d’less  (4-52) 

<p,  - transverse  operating  pressure  angle, 

deg 

and  the  value  for  the  contact  ratio  factor  m„  also  is 
calculated  us  in  par.  4-2.2.I.2.I. 

The  value  of  Sc  calculated  using  Eq.  4-48  should  be 
used  with  the  S-N  curve  shown  in  Fig.  4-12  to  pre- 
dict pitting  life. 


4-2J.I J133  Wear  Initiated  Failure 

This  is  the  most  frequently  encountered  failure 
mode,  predominating  throughout  the  transitional 
lubrication  states  between  pure  boundary  layer  and 
full  EHD  conditions  (Fig.  4-3).  Causes  and  cor- 
rective action  are  discussed  in  detail  in  pars.  4- 1 .2. 1 .2, 
4-1 .3.1,  and  4-2.1.1. 

In  the  absence  of  relevant  test  data  or  extensive  ex- 
perience, the  best  procedure  for  analyzing  this  failure 
mode  is  to  calculate  S(  by  Eq.  4-48  and  to  apply  this 
value  to  the  applicable  S-N  curve  of  Fig.  4-18.  More 
suitable  life  equations  that  take  into  account  many  of 
the  significant  variables  other  than  S(  may  soon 
become  available  from  the  many  research  programs 
now  under  way.  One  such  program,  entitled 
“Relationship  of  Lubrication  and  Fatigue  in  Concen- 
trated Contact’’,  is  being  conducted  by  the  Research 
Committee  on  Lubrication  of  the  ASME. 
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4-U.U  G««r  Drawing  and  Specification 

Without  * drawing  or  specification  adequate  to  in- 
sure control  of  the  critical  variables,  little  confidence 
can  be  placed  in  the  value  of  gear  analyses  relative  to 
expected  service  performance;  reliability  goals  cannot 
be  guaranteed  and  the  results  of  any  specific 
Airworthiness  Qualification  Specification  (AQS)  test 
become  relatively  meaningless.  To  achieve  a 
workable  logistical,  maintenance,  safety  of  flight,  and 
otherwise  cost-effective  helicopter  program,  con- 
sistency of  product  must  become  a paramount  con- 
sideration. Consistency  or  reduction  of  variability  is 
of  far  greater  importance  at  the  operational  level  than 
is  the  achievement  of  any  other  criterion  of  per- 
formance such  as  power-weight  ratio,  strength,  or  ef- 
ficiency. 

The  gear  drawing  must  be  amplified  by  numerous 
supporting  specifications.  However,  the  decision  as 
to  what  class  of  data  falls  into  each  category  is  a 
matte,  of  individual  preference  provided  the  result  is 
a workable  system  for  procurement,  quality  control, 
and  necessary  engineering  review  and  change.  The 

(Jrauing  ic  !l,;  Hnjiimfnt  onvrrnina  definition  of  the 

component,  and  it  must  clarify  any  ambiguities  in  or 
between  supporting  documents. 

The  following  review  list  is  intended  as  a minimum 
guide  for  assuring  completeness  of  data,  but  no  stipu- 
lation is  made  whether  it  be  provided  by  drawing  or 
by  specification: 

1.  Raw  material: 

a.  Chemistry 

b.  Certification  condition 

c.  Grain  orientation 

d.  Processing  requirement 

e.  Shape  and  size  reduction  front  case  ingot 

f.  Finish 

g.  Decarb  limits. 

2.  Heat  treatment  requirements: 

a.  Process  controls 

b.  Certification 

c.  Properties,  including  microstructure 

d.  Case  hardness,  surface  and  gradient,  case 
depth  r.nd  tolerance,  and  core  hardness. 

*.  Quenching  and  tempering  limitations  in- 
cluding time,  temperature,  and  interval  regulations 

f.  Limits  on  reprocessing. 

3.  Serialization: 

a.  Propet  identification  and  traceability 

b.  Location  of  codes  and  numbers 

c.  System  for  transfer  during  processing 

d.  Control  of  marking  methods,  size,  and 
pcint(t)  during  processing  for  application. 

4.  Drawing  technique: 

a.  Specifications  and  Standards  (M1L-D-1000), 


MIL-STD-10  with  dimensioning  practices  to  ANSI 
Y14.5 

b.  Gear  reference  axis  definition  with  location 
tolerance  for  inspection  set-up 

c.  Specified  taper,  wavincss,  roundness,  con- 
centricity, and  finish  requirements,  assuring  com- 
patibility for  journals 

d.  Boundaries  to  cosed  areas. 

5.  Finishing  requirements: 

a.  Specified  methods  and  limitations  on  use 

b.  Specified  pccning  techniques  including  set- 
up, shot,  gaging,  coverage,  and  certification  frequen- 
cy 

c.  Means  to  avoid  embrittlemrnt  and  stress  cor- 
rosion in  ail  electrolytic,  acid,  or  caustic  processes. 

6.  Stock  removal: 

a.  Limits  on  stock  removal  (minimum  and 
maximum  if  required)  during  grinding  on  all  cased 
areas  within  tolerances  compatible  with  Item  2 and 
with  design  stress  analysis 

b.  Specified  methods  of  control. 

7.  Nondestructive  testing: 

a.  Specified  requirements  and  methods  for 
magnetic  panicie,  penetrant,  and  cicnani  testa 

b.  Specified  frequency  and  sequence 

c.  Specified  frequency  of  certification  of 
processes 

d.  Specified  equipment  and  precise  location  of 
identification  for  necessary  hardness  measurements 
on  critical  areas. 

8.  Balance  requirements: 

a.  Planes  of  measurement,  limits,  and  speeds  es- 
tablished and  located,  and  permissible  techniques 
specified  when  dynamic  balancing  is  required 

b.  Specified  location,  limits,  and  material 
removal  methods  for  meeting  balance  requirements. 

9.  Tooth  form: 

a.  Provide  clear  enlarged  detail  of  tooth  form, 
graphically  specifying  tooth  thickness,  flank  and  root 
finish,  over  pin  (ot  ball)  dimensions,  OD  root  dia- 
meter, and  minimum  fillet  radius  or  equivalent 

b.  Applicable  data  listed;  i.e.,  S,  Pd.  j>,  Dp. 
circular  pitch  pc,  involute  base  circle  diameter  Db, 
and 

10.  Involute  data: 

a.  Slope  and  modification  zones  specified,  c.g., 
by  use  of  degrees  rolled  off  base  circle 

b.  Critical  diameters  such  as  start  of  true  in- 
volute, and  edge  break  limits  defined. 

11.  Lead  data: 

a.  If  applicable,  slope  and  crown  defined 

b.  End  break  limits  and  blend  specified. 

12.  Allowable  errors: 

a.  Specified  limits  of  manufacturing  deviation 
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from  the  desired 

b.  As  necessary,  equipment  or  certifiable 
equipment  capabilities  required  to  measure  such 
errors  specified 

c.  Repeatability  and  standardization  of  proof 
chock  methods  and  frequency  for  inspection 
equipment  check  specified 

d.  Gear  mounting  within  location  limits  given 
in  Item  4 or  equivalent  specified  for  inspection 

c.  Tolerances  on  adjacent  and  accumulated 
tooth  spacing,  profile  slope,  lead  slope,  hollow  or 
fullness  of  profile  and  lead,  waveness  of  profile  and 
lead,  and  undercut  or  cusp  specified  where  appli- 
cable. 

13.  Chart  format: 

a.  Inspection  chart  for  involute  profile  and  lead 
required  to  conform  to  a predetermined  standard  for 
proper  interpretation  and  consistency 

b.  A sample  chart  with  explanation  of  inter- 
pretive technique  specifying  magnification  and  paper 
travel  speed  provided. 

14.  Pattern  limitations: 

a.  For  spiral  bevel  gears  bearing  pattern  checks 
required  in  lieu  of  profile  and  lead  checks 

b.  Methods  and  machines  by  which  bearing  or 
contact  checks  are  performed  on  production  com- 
ponents run  against  “working  masters”,  checked  in 
turn  against  “grand  masters"  specified). 

c.  Data  defining  gaging  dimensions,  pattern 
size,  shape,  and  location;  and  boundary  tangencics 
through  specified  V and  H and  profile  settings 
specified  (See  Ref.  81  for  further  definitions). 

4-2J.2  Bearings 

The  discussion  of  bearing  application  design,  life 
analysis,  and  drawing  controls  that  follows  is  'limited 
to  radial  ball,  angular  contact  ball,  and  radial  cy- 
lindrical roller  configurations.  However,  the  basic 
principles  introduced  are  sufficiently  general  to  serve 
well  in  application  design  of  any  rolling  element  type 
bearin').  Efficiency,  reliability,  survivability  charac- 
teristics. and  standards  recommendations  were 
treated  previously  in  pars.  4- 1.2. 1 and  4-1. 3.3. 

Army  helicopter  transmission  bearings  have 
exhibited  a primary  failure  rate  two  times  greater 
than  that  for  gears  and  four  times  higher  than  that  for 
all  remaining  transmission  components  (Ref.  46). 
Also,  their  replacement  rate  at  overhaul  was  three 
times  that  of  gears  and  15  times  that  of  the  re- 
maining components.  The  majority  of  these  re- 
placements were  due  to  secondary  failure  such  as 
debris  ingestion  and  corrosion.  Also  of  importance  to 
,he  designer  is  the  finding  that  ball  bearings  (pre- 
dominantly thrust  applications)  exhibited  ten  times 
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the  primary  failure  rate  of  cylindrical  roller  bearings. 

In  order  to  achieve  the  failure  rate  reductions 
required  by  modern  MTBF  goals,  it  is  advisable  that, 
as  a minimum,  the  designer: 

1.  Come  to  agreement  with  the  bearing  supplier 
with  respect  to  specific  application  needs. 

2.  Clearly  specify  application  requirements  by  per- 
tinent drawing  or  specification. 

3.  Evaluate  the  effectiveness  of  gmtenti&i  gains 
available  with  amended  specifications  in  order  to  un- 
derstand what  changes  in  price  are  justifiable. 

4.  Inspect  bearings  for  compliance  with  specifica- 
tion. 

AMCP  706-201  describes  the  elements  of  bearing 
type  selection  and  gives  many  examples  of  typical 
helicopter  configurations.  The  primary  function  of 
helicopter  bearings  is  to  provide  accurate  positioning 
of  gear  and  shaft  components  under  wide  ranges  of 
speed  while  also  exhibiting  satisfactory  life.  Means  of 
achieving  this  goal  are  described  in  the  paragraphs 
that  follow. 


4 2. 2. 2.1  Application  Design 
Four  general  areas  appear  to  create  :he  major  dif- 
ficulties in  bearing  application  design.  They  are: 

1.  Mounting  practices 

2.  Lubrication  techniques 

3.  Internal  characteristics 

4.  Skidding  control. 


4-2  2.2.1.1  Mounting  Practices 
In  most  helicopter  applications  of  the  rolling 
element  bearing,  the  loads  arc  relatively  large  in  rela- 
tion *o  the  physical  dimensions  and  weight  of  the 
bearing.  Good  design  requires  consideration  of  the 
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tor  both  the  rotating  and  nonrotating  rings  is 
necessary,  and  the  supporting  shafts  and  housings 
must  have  greater  rigidity  than  the  bearing  rings.  This 
criterion  may  be  satisfied  by  use  of  shaft  wall  sections 
that  are  at  least  as  large  as  the  bearing  inner  ring 
thickness,  and  of  total  housing-lincr-quill  cross 
sections  equal  to  the  total  bearing  cross  section.  Use 
of  thinner  sec.ions  should  be  avoided  unless  careful 
stress  and  deflection  analyses  prove  that  they  are 


feasible. 

Fretting  wear,  creep,  and  spinning  arc  undesirable 
phenomena  generally  associated  with  the  bearing  in- 
ner ring-shaft  interface  (inner  ring  rotating  with 
respect  to  load  vector).  Proper  inner  ring  interference 
fit  is  the  most  important  parameter  for  control  of 
these  condition' 

Fretting  wear  is  the  result  of  localized  rubbing  of 
very  small  amplitude  at  the  interface,  and  is  difficult 
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to  control  unless  the  ring  cross-sectional  thickness  is 
large  enough  for  the  loading  conditions  involved. 

Ring  creep  is  the  slow  relative  (lagging)  motion  of 
the  ring  with  respect  to  the  shaft  and  occurs  in  some 
instances  as  a result  of  sufficient  fretting  wear  to  re- 
duce the  interference  fit.  A relative  rotational  speed 
of  as  little  as  10~‘  X shaft  speed  may  result  in  suf- 
ficient wear  over  several  hundred  hours  to  reduce  the 
design  interference.  Often,  creep  occurr  initially 
because  of  insufficient  design  interference. 

Spinning  is  a term  used  to  denote  an  advanced 
state  of  creep  that  occurs  in  cases  with  loose  fit  up  or 
no  interference  between  the  sharl  ar.d  ihc  inner  ring 
of  the  bearing.  With  hardened  and  ground  precision 
interface  surfaces,  polishing  and  advanced  wear  rates 
often  result  when  the  relative  rotational  speeds  ap- 
proach 10  to  20%  of  shaft  speed  under  operating  con- 
ditions not  unlike  thos'*.  in  a simple  sleeve  bearing. 
Fig.  4-27  (from  Ref.  82)  shows  a wear  vs  time  func- 
tion for  a cylindrical  roller  bearing  application. 

There  are  a number  of  design  practices  that  may  be 
used  to  counteract  these  phenomena.  They  are 
described  here  in  a descending  orde>  of  preference. 

I.  The  extent  of  the  inter  fcrtncc  ,H  necessary  to 
provide  sufficient  radial  force  to  prevent  creep  may 
be  calculated  and  employed  in  the  design.  Two  fac- 
tors that  must  be  considered  are: 

a.  Circumferential  stretch  of  the  bearing  ring 
under  applied  rolling  element  loads  which  effectively 
increases  the  inside  diameter  (ID)  of  the  ring. 

b.  The  influence  of  the  temperature  gradient 
from  shaft  to  the  bearing  ring  upon  relative  thermal 
expansion.  This  gradient  is  a function  of  the  cooling 
paths  and  of  heat  generation  or  friction  loss. 

Ref.  6 presents  a calculation  technique  suitable  for 
interference  fit  determination.  However,  the 
calculations  cited  assume  a solid  shaft  and  generous 


Figure  4-27.  Creep  Wear  — Inner  Ring 
Fit  « Operating  Time 


ring  sections  such  as  are  found  in  200  or  300  series 
beat  ings.  Ther-forc,  when  dealing  with  application  of 
this  formula  to  lighter  section  bearings  combined 
with  hollow  shafts,  it  is  necessary  to  compensate  for 
the  reduced  radial  pressure  per  unit  interference  by 
the  method  of  elastic  iltig  theory  as  defined  in  Ref. 
83.  Use  of  interference  fits  that  produce  surface  ten- 
sile stresses  in  ‘he  circumferential  direction  above  10,- 
000  psi  should  be  approached  with  caution  because 
the  fatigue  life  of  the  race  may  be  reduced. 

2.  Excessive  thermal  gradients  should  be  avoided. 
Because  the  circulated  inb:  ication  oil  acts  to  modu- 
late these  gradients  through  forced  convective 
cooling,  an  increase  of  oil  flow  to  the  shaft  and 
bearing  often  can  be  used  to  alleviate  thermal  prob- 
lems. 

3.  Very  thin  ring  sections  cs  used  in  AFBMA  sire* 
below  series  “0”  for  ball-type  bearings  and  series ‘T* 
for  cylindrical  roller-type  hearings  should  be  avoid- 
ed for  iiigh-lo&d  applications.  Elimination  of  the  in- 
ner ring  by  use  of  integral  shaft  raceways  for  cy- 
lindrical roller  applications  is  an  effective  means  of 
avoiding  the  problem  altogether. 

4.  Hardened  (k.6u),  ground,-  or  honed  journals 
(roughness  <1 AAI0)  with  dimensional  tolerances 
equal  to  or  clpker  than  the  rings  of  the  bearing  will 
assure  attainment  of  desired  calculated  pressure.'  and 
will  withstand  frequent  assembly  and  disassembly 
and  long  service  with  minimal  loss  of  interference. 

5.  It  is  desirable  to  use  2/3  lip-depth  shoulders, 
spacers,  and  clamp  nuts  that  are  square  with  the  jour- 
nal surface  and  provide  rigid  axial  c’umping.  Positive 
nut  lock  devices  always  should  be  used  because  ring 
creep  under  high  axial  loading  may  rotate  the  nut. 
Because  bearing  ring  creep  results  from  a lag  of  the 
ring  behind  the  shaft  rotational  speed,  it  is  simple  to 
determine  whether  such  conditions  will  serve  to 
tighten  or  loosen  the  nut. 

6.  Copper  or  silver  plating  on  the  shaft  interlace 
has  been  used  with  some  beneficial  results  in  re- 
ducing or  virtually  eliminating  fretting  corrosion  and 
thus  prolonging  component  service  life. 

7.  Positive  nog-shaft  interlocking  with  notched 
rings  arid  keys  have  beer,  employed  to  prevent  creep. 
However,  satisfactory  installations  are  difficult  to 
achieve  because  sufficient  fretting  corrosion  may  oc- 
cur between  the  shaft-key-bearing  ring  surfaces  to 
precipitate  bending  fatigue  failure  in  one  or  were  of 
the  members. 

Outer  ring  (nonrotating  load)  diametral  clearances 
and  clamping  require  somewhat  less  diligent  at- 
tention than  dc  the  inner  rings  of  bearings.  How- 
evei,  heavily  loaded  angular  contact  thrust  bearings 
must  be  well  clamped  and  their  outside  diameters 
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must  be  well  supported  to  prevent  excessive  coning 
uvder  the  action  of  the  angled  rolling  element  load 
vttetor,  When  only  radial  loads  or  light  thrust  loads 
sts  invoiced,  retaining  rings  or  similar  devices  arc 
satisfactory  for  axial  retention.  The  diametral  fit 
generally  should  be  nominally  linc-to-line  to  ap- 
proximately O.OGC.i  in.  tight  at  operating  tempera- 
ture to  reduce  ring  rotation.  Outer  ring  interference 
'a  often  art  limited  by  requirements  for  east  of  as- 
sembly and  disassembly.  Higher  speeds  call  for 
tighter  fits. 

Outer  ring  rotation  is  normally  opposite  in  direc- 
tion to  shaft  rotation  due  to  the  traction  forces 
exerted  by  the  loaded  rolling  elements.  However,  in 
the  case  of  lightly  loaded,  outer-land-guided,  cage- 
type  bearings,  the  viscous  drag  may  be  sufficient  to 
reverse  the  norm. 

*t  is  customary  to  use  then  xlly  fitted  and  pinned 
steel  Ihicra  in  aluminum  or  magnesium  housings  to 
reduce  wear  and  the  rate  of  increase  in  outer  ring 
mounting  clearance  due  to  nsing  temperature.  The 
increased  clearance  at  operating  temperature  should 
be  compensated  for  wher  the  fit  is  specified  at  room 
temperature.  In  the  absence  of  thermal  gisuie.sU,  the 
fit  in  a massive  steel  liner  having  the  same  coefficient 
of  thermal  expansion  as  the  bearing  will  remain  un- 
changed at  operating  temperature,  but  the  fit  in  a 
light  allov  housing  without  liner  will  loosen  in 
proportion  with  the  product  of  bearing  outside 
diameter  (01>)  temperature  rise,  and  the  difference  in 
the  thermal  expansion  coefficients  of  the  alloy  and 
steel.  The  change  in  the  outer  ring  fit  in  the  presence 
of  a steel  liner  installed  in  a housing  with  con- 
siderable diametral  interference  will  lie  between  these 
tun  boundary  condition!,  snd  is  calculated  easily.  On 
&e  assumption  that  liner  is  fitted  to  a minimum  of 
250  deg  F interference  (line-to-linc  contact  when  the 
temperature  differential  is  250  deg  F)  at  room 
temperature  (par.  4-2.3. 2),  there  is  an  appreciable, 
uniform  pressure  at  the  iiner-housing  interface.  This 
pressure  results  in  an  elastic  reduction  in  the  dia- 
meter of  the  installed  liner  bore.  As  the  temperature 
is  increased,  the  pressure  is  reduced  and  the  bore  ex- 
pands, The  initial  pressure,  and,  hence,  the  expansion 
rate,  is  dependent  upon  relative  section  thicknesses 
and  material  properties  that  may  be  evaluated  by  ap- 
plication of  the  elastic  cylinder  theory  (Ref.  83).  Fig. 
4-28  presents  a graphic  solution  to  the  room  tempera- 
ture fit  correction  factor.  To  illustrate  two  practi- 
cable extremes,  conditions  are  represented  both  for  a 
149-mm-OD  bearing  installed  in  a 0.045-in  .-wail  liner 
that  is  in  turn  fitted  (250  deg  F shrink  fit)  into  a 0.05- 
in.-wall  thickness  aluminum  housing;  and  for  a 60- 
imn-OD  bearing,  with  0.090-in.  wall  liner  (250  deg  F 
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shrink  fit)  and  0.040-in. -v  !l  aluminum  housing.  If 
the  operating  temperature  is  220°F,  the  correction? 
are  0.0013  in.  for  (he  60-mm  bearing  and  0.0038  in. 
for  the  140- mm  bearing  in  this  illustration.  However, 
when,  as  is  often  the  case,  the  bearing  is  the  principal 
heat  source  and  the  housing  provides  appreciable 
beat  conduction,  these  values  should  be  reduced  to 
compensate  for  the  temperature  gradient.  A 
reasonable  correction  for  most  design  applications  is 
60%.  Consequently,  the  room  temperature  bearing 
outer  ring  flt-ups  should  be  tightened  by  ap- 
proximately 0.0008  in.  for  the  60-mm  OD  bearing 
and  approximately  0.002  in.  for  the  140-nun  OD 
bearing. 


Occasionally,  due  to  space  limitations  or  a desire  to 
eliminate  unnecessary  detail  components,  integral  ex- 
ternal flanges  are  used  on  bearing  outer  rings  for 
axial  retention  and  prevention  of  rotation.  In  this 
case,  care  must  be  exercised  to  avoid  radial  restraint 
at  the  flange  holes  so  as  to  preclude  race  distortions 
due  to  thermal  or  load-induced  deflections.  Under 
the  influence  of  high  radial  loads,  a bearing  of  this 
design  always  will  exhibit  greater  stiffness  at  the 
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toward  the  flange.  This  characteristic  can  be  used  to 
compensate  for  bending  deflections  of  the  shaft  or 
housing  by  appropriate  location  of  the  flange  side  o ' 
the  bearing. 


4-2.23.1.2  Lubrication  Techniques 

While  theoretically  it  is  true  that  only  a slight 
amount  of  oil  is  needed  to  lubricate  retainct  rubbing 
surfaces  and  to  supply  fluid  to  rolling  clemcnt-race- 
wgv  coniunctions.  helicopter  applications  oOt, 
quire  the  use  of  substantially  greater  qavatiw  o'  oil. 
For  example,  circulating  oil  may  be  used  to  remove 
retainer  wear  particles,  water  condensation  snd 
sludge,  and  to  transport  spalling  failure  debris  to  chip 
detectors  or  similar  diagnostic  aids.  Increased  oil 
flows  also  act  to  modulate  temperature  gradients  by 
forced  convective  cooling  and  help  to  reduce  differen- 
tial thermal  expansion  distortions  that  otherwise 
could  reduce  component  life.  As  speeds  and  loads  in- 
crease, thermal  stability  can  be  attained  only  through 
the  rapid  rates  of  cooling  provided  by  high  oil  flows. 
In  addition,  centrifugal  accelerations  and  windage 
barriers  at  high  speeds  make  it  very  difficult  to  get  oil 
to  inner  raceway  and  cage  lands,  leading  to  a require- 
ment for  forced  pressure  lubrication.  Finally,  critical 
bearings  often  must  be  lubricated  by  redundant 
systems  so  as  to  increase  operational  reliability  and 
permit  safe  operation  should  the  primary  system  fail. 

Generally,  lubricant  applications  may  be  grouped 


MttP  70M02 


\ 

J 


TEMPERATURE  TEMPERATURE,  ° F 


Figure  4-2S.  Tcmpera-ure  n Outer  Ring  — Liner  Fit  Reduction 


by  approximate  Z>?- values  (diameter  D,  mm;  mul- 
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lubricant  supply.  The  groupings  that  follow  are  arbi- 
trary and  may  overlap  in  specific  applications; 

1.  Low  speeds  ( D.i  < 0.3  X SO*): 

a.  Oil  mist  by  cither  natural  ot  forced  flow  of 
oil-laden  atmosphere 

b Wick  feed  to  either  ring  or  retainer 

c.  Splash  or  dipping  by  dammed  oil  level  (ut 
least  to  center  of  lower  roiling  element) 

d.  Gravity  feed  through  drilled  or  cast  passage 
from  trap  located  to  catch  sutnp  let  uni  oil 

e.  Surface  tendon  aRu/or  centrifugal  feed  from 
rotating  hollow  shalt  with  oil  acquisition  froi 
pressure  jet  or  other  mednvtic«>  menns  in  com- 
bination with  preceding  methods 

f.  Pressure  jel  stream  impinging  on  retsiin:r- 
rhig  gap. 

2.  Moderate  ipetas  (0.3  x 10‘  < Dr<  1.0  x 10*); 
a.  Lightly  loadv  J bearings  may  respond  well  to 

ti«e  methods  of  Item  1 


b.  Heavily  loaded  bearings  require  pressure  jet 
impingement  cr  Integra!  pressure  feed  through  ring 
fac  slots  cr  feed  holes  to  retainer  lands  and/or  un- 
loaded raceway  surfaces. 

3.  High  speeds  (Dn  > 1,0  X 10*); 

a.  Lightly  loaded  bearings  with  relatively  open 
faces  can  be  lubricated  by  high-velocity  jet  im- 
pingement 

b.  Heavily  loaded  or  restricted  configurations 
require  internal  pressure  feed  as  described  in  Item  2. 
Oil  egress  must  be  considered.  Outer  ring  counter- 
bored  ball-type  bearings  and  hpless  outer  ring  cy- 
lindrical* frequently  are  employed. 


4-2.2.2.1.3  Internal  Characteristics 
Of  si!  of  the  internal  geometric  properties  of  a 
bearing  the  most  important  with  respect  to  operating 
characteristics  is  diametral  clearance.  Such  factors  as 
control  of  initial  shad  displacement  to  reduce  gear 
misalignment,  load  sharing  of  the  rolling  elements  in 
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radial  load  applications,  elimination  of  thermally  in- 
duced radial  preload,  reduction  of  externally  in- 
duced deformation  loads  (such  as  the  pinch  effect  of 
pi  met  idler  gears),  and  determination  of  ball  bearing 
contact  angle  are  basically  dependent  upon  dia- 
metral clearance. 

A specific  operating  diametral  clearance  must  be 
maintained  under  all  conditions.  While  radial  load 
deflection  contributes  to  needed  clearances,  it  is 
generally  insufficient  to  compensate  for  bearing  in- 
stallation, or  fit-up,  practices  or  thermal  expansion 
effects. 

Changes  in  race  diameter  due  to  fit-up  and  to 
temperature  differential  between  inner  and  outer 
rings  can  be  calculated  directly  from  clastic  cylinder 
theo'v  as  presented  in  Ref.  83.  Whether  or  not  an  in- 
crease in  inner  ring  temperature  will  tend  to  reduce 
the  raceway  enlargement  due  to  initial  fit-up  will  de- 
pend upon  shaft  temperature  and  heat  flow  con- 
ditions. It  is  nut  uncommon  to  find  highly  loaded 
angular  contact  bearings  operating  at  moderate  to 
high  speeds  with  the  inner  ring  temperature  50-100 
deg  F above  the  outer  ring  temperature.  Tolerances 
seketed  tor  shafts,  housing?,  and  bearing?  wi!!  have  a 
direct  influence  upon  the  success  of  clearance  com- 
pensation. The  range  of  variations  of  bearing  de- 
flections and  lives  in  a given  application  and,  there- 
fore, the  life  scatter  within  a lot  of  ostensibly  identi- 
cal gearboxes,  can  be  reduced  greatly  by  use  of 
bearings  of  the  higher  precision  ABEC  and  RBEC 
classification.  When  high  interference  fit-up  and 
clearance  compensation  are  required,  there  is  a 
limiting  practicable  value  for  the  raiio  of  ball 
diameter  to  radial  cross-sectional  thickness  of  the 
bearing.  Ratios  greater  than  0.63  should  be  ap- 
proached with  caution  unless  there  is  considerable  ex- 
perience from  which  to  draw. 

The  successful  design  of  angular  contact  ball 
bearings  for  use  in  stacked  sets  of  two  or  more  re- 
quires a knowledge  of  their  elastic  behavior  DB 
(back-to-back;  i.e.,  inner  ring  thrust  faces  opposed) 
and  DF  (face-to-face;  i.e.,  inner  ring  thrust  faces  ad- 
jacent) configurations  often  are  used  to  provide  a 
combination  of  thrust  and  radial  load  capability, 
while  DT  (tandem)  bearings  generally  are  reserved 
for  conditions  where  the  thrust  load  is  less  than  40- 
50%  of  the  radial  load. 

Fig.  4-29  represents  a single-row,  angular  contact 
bearing.  When  operating  speeds  are  such  that  the 
centrifugal  force  on  the  balls  is  not  significant  and  the 
ball-outer  race  loads  are  essentially  equal  to  ball- 
inner  race  loads,  the  line  of  contact  is  es'ablished  by 
the  centcri  of  the  race  curvatuies.  In  Fig.  4-29  the 
radii  of  the  races  are  denoted  f,  and  f0  (inn.r  and 
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Figure  4-29.  Beating  Geometry  Change  With 
Inner  Ring  Expansion 

outer,  respectively).  When  a radial  displacement  of 
the  inner  race  A(Dp/2)  occurs  due  to  fit-up  or 
thermal  growth,  the  radial  clearance  and  contact 
angle  are  reduced.  If  the  inner  ring  is  allowed  to  dis- 
place axially  until  ball  contact  exists  with  no  load,  a 
ring  thrust  face  protrusion  6,,  results.  If  a clarnped- 
ring  DB  or  DF  mounting  with  a tight  housing  fit  is 
employed,  the  resulting  compression  produces  an  in- 
ternal preload  and  a compensating  increase  in  con- 
tact angle.  This  may  be  eliminated  by  manufacturing 
each  bearing  with  a thrust  face  intrusion  equal  to  bH. 
The  initial  contact  angle  also  should  be  reduced  by 
approximately  (d„-d,). 

If  there  is  a possibility  for  sizable  thermal  gradients 
and  resultant  preload,  the  DB  mounting  is  preferred 
to  the  DF  mounting  because  the  load  per  unit  of  ther- 
mal expansion  is  considerably  less  with  the  DB 
mounting.  Fir  4-30  presents  a graphic  explanation  of 
this  condition.  The  thermal  growth  of  x compensates 
for  that  of  y in  DB  applications  while  the  reverse  is 
true  for  DF  mountings.  The  resultant  preload  is  an 
exponential  function  of  the  relative  Hertzian  com- 
pression, 6n. 

Load-sharing  equalization  of  DT  installation  may 
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Figure  4-30.  Relative  Thermal  Preload  — DF  n DB 


be  enhanced  significantly  by  requiring  that  the  feces 
be  flush  (or  equally  offset)  under  a relatively  heavy 
axial  gaging  load.  This  load  should  be  at  least  25%  of 
the  operating  thrust  load  for  maximum  benefit. 

Raceway  groove  shoulder  heights  must  be  ade- 
quate to  support  the  elliptical  contact  area  of  the  ball- 
race  Shaft  misalignment  and  combination  radial- 
thrust  loads  can  affect  a skewed  ball  path  that  con- 
tributes to  this  requirement.  Most  heavily  loaded 
helicopter  angular  contact  bearings  require  a 
shoukir  height-to-b&U  diameter  ratio  of  0.25. 
Excessively  skewed  paths  may  require  higher 
shoulders  and  increased  radii  of  curvature  for  at  least 
the  nonrotating  race  groove.  Such  conditions  also  in- 
crease the  requirement  for  retainer  pocket-ball 
clearance  to  prevent  excessive  retainer  wear  or  frac- 
ture. The  balls  in  the  loaded  zone  of  operation  will 
position  themselves  as  the  race-ball  traction  con- 
ditions dictate,  including  high  retainer  loads  if 
clearances  are  insufficient. 

Single-row  angular  contact  bearings  may  be 
fabricated  with  two-piece  inner  rings  (J-type  bearing). 


and,  in  special  instances,  with  two-piece  outer  rings. 
This  eliminates  the  need  for  counter-boring  and  per- 
mits the  bearing  to  resist  thrust  in  either  direction. 
The  inner  groove  generally  is  ground  with  shims 
between  the  split  halves  so  that,  upon  removal  of  the 
shim  and  assembly  of  the  bearing,  a Gothic  arch 
shape  results  in  the  raceway  groove.  This  con- 
figuration reduces  the  axial  play  of  the  bearing  for  a 
given  contact  angle.  This  fabrication  technique 
generally  enables  one  additional  ball  to  be  assembled 
into  the  complement,  thus  increasing  load-carrying 
capacity  for  the  same  external  envelope.  Thrust-to- 
rudial  lead  ratios  must  be  approximately  2.0  to 
prevent  degenerative  three-point  contact.  Mis- 
alignment and  the  resultant  ball  path  skew  also  must 
be  considered  in  avoiding  three-point  contact.  The 
shim  thickness  that  may  be  used  in  grinding  the  ring 
halves  is  limited  by  the  need  to  maintain  race 
clearance  in  the  absence  cf  a thrust  load.  B<  rausc  the 
loaded  inner  ring  is  only  half  the  width  of  that  used  in 
a conventional  counte/borcd  ring  bearing,  total 
radial  pressure  between  the  loaded  ring  and  the  shaft 




b considerably  teat  for  the  name  inter  fet  crux  fit-up. 
Consequently,  fretting  end  ring  creep  also  are  more 
dtfficuU  to  control. 

44X2.1.4  SUddbg  Certrol 

Lightly  loaded  high-speed  bearingi  may  operate 
with  grot*  sliding  between  the  rolling  element  com- 
plement and  the  rotating  inner  race.  Such  operation 
cm  produce  smearing  or  race  surface  failures  not  un- 
like those  caused  by  gear  tooth  scuffing.  The  centri- 
fugal acceleration  present  at  high  speed  creates  a con- 
sidcr&bie  rolling  element/outcr  race  load,  with 
braking  traction  forces  exceeding  driving  traction 
forces  at  the  rolling  etoment/inner  race  contact.  Re- 
tainer drag  forces  and  lubricant  viscosity  also  play  an 
important  part  in  determining  load-apeed-slip  con- 
ditions. Historically,  this  distress  mode  has  been  a 
greater  problem  with  cylindrical  roller  bearings  than 
with  ball  bearings.  Calculation  of  slip-critical  con- 
ditions is  relatively  uncertain,  but  some  useful  insight 
may  be  gained  from  Ref.  8. 

One  method  for  preventing  gross  slip  is  to  main- 
tain at  the  inner  race/rolling  element  contact  the  load 
required  to  obtain  sufficient  driving  traction.  This 
may  be  accomplished  on  DB  or  l>F  angular  contact 
t wings  with  internal  preload.  A preload  spring  may 
be  required  with  single-row  bali  angular  contact 
bearings. 

There  are  several  methods  for  controlling  gross  slip 
with  cylindrical  roller  bearings: 

1.  Out-of-round  outer  raceways  may  be  employed 
to  produce  a pinch  effect  upon  installation.  Installa- 
tion orientation  is  required  such  that  the  external 
•ear  loads  are  orthogonal  to  the  pinch  load  plane 
(Kaf.  84). 

2.  a ssssf!  nu'nbrf  of  oversized  rsdinlly  tight, 
hollow  rotten  may  be  dispersed  at  even  intervals 
throughout  the  complement.  This  method  requites 
careful  ohm g of  the  hollow  rollers  to  preclude  bend- 
iif  fatigue  failures  (Ref.  85) 

3.  When  the  configuration  permits,  the  roller 
bearing  may  be  mounted  very  slightly  off-center  with 
respect  to  the  shaft  axis.  If  the  shaft  is  positioned  by 
an  additional  pair  of  hearings,  sufficient  radial  pre- 
load may  be  effected  to  provide  the  necessary  traction 
load. 

4.  Out-of-round  liners  have  been  employed  to  pro- 
duce the  seme  result  as  in  Item  1.  The  primary  dis- 
.advantags  to  this  technique  is  the  increased  difficulty 
in  assembly  and  disassembly. 

To  minimize  skidding  tendencies  in  high-speed 
bearings,  the  Manifest  acceptable  diameters  should  be 
used  both  for  the  rolling  dement  and  for  the  pitch  cir- 
cle of  the  complement  of  rolling  dements.  Retainers 


may  require  balancing  to  obtain  satisfactory  opera- 
tion. As  in  dement  skidding,  a critical  speed  exists; 
the  centrifugal  acceleration  at  this  speed  will  displace 
an  out-of  balance  retainer  off  center  until  all  land 
contact  occurs  in  a single  local  zone  of  the  retainer. 
This  may,  in  turn,  cause  rapid  retainer  wear  at  the 
pocket*  as  wdl  as  the  guiding  rails.  Once  started,  the 
wear  rapidly  accelerates  until  failure  occurs  — often 
in  20  hr  or  less. 

However,  a dichotomy  often  exists  with  respect  to 
clearance  requirements.  While  controlled  reduction 
of  internal  clearance  to  minimal  values  tend*  to  re- 
duce the  skidding  tendency  of  lightly  loaded  bearings, 
it  comprises  their  ability  to  operate  without  lubrica- 
tion, i.e.,  fail-safe  operation  (see  par.  4-4.3.  Emergen- 
cy Lubrication).  Normal  heat  distribution  within  a 
bearing  with  inner  ring  rotation  results  in  a negative 
temperature  gradient  from  inner  ring  through  rolling 
elements  and  outer  ring  to  the  housing  with  the  inner 
raceway  operating  broadly  from  SO  deg  to  100  deg  F 
hotter  than  the  outer  raceway.  The  shaft  and  inner 
ring  heat  flow  paths  offer  less  rejection  capability 
than  the  cuter  ring  and  housing  paths.  This,  coupled 
with  the  customarily  higher  heat  generation  rate 
attendant  with  inner  race  sliding  velocities  and 
counterformai  contacts,  results  in  the  higher  inner 
race  operating  temperatures.  Under  normal  opera- 
ting conditions,  the  lubricant  removes  the  bulk  of  the 
heat  and  maintains  thermal  stabilization  within  this 
gradient.  However,  when  the  cooling  effect  and  the 
friction  reducing  characteristics  of  the  lubricant  arc 
absent,  temperature  stabilization  can  only  occur  at 
the  higher  gradients  dictated  by  the  increased  friction 
and  reduced  heat  rejection.  If  internal  clearances  arc 
sufficient  to  accommodate  the  expansion  attendant 
with  the  new  gradient  and  increased  overall  tempera- 
ture, then  stable  fail-safe  operation  is  theoretically  at- 
tainable. However,  if  inadequate  internal  clearance 
exists,  a radially  tight  condition  results.  This  in  tun; 
leads  to  a divergent  increase  in  temperature  until 
bearing  seizure  or  shaft  failure  occurs. 

As  described  previously,  the  mechanical  means  of 
providing  positive  rotation  for  the  rolling  elements  in 
order  to  reduce  skidding  tendency  can  be  applied  in 
conjunction  with  greater  interna!  clearance  to  affect  a 
design  without  skidding  and  with  fail-safe  operating 
capability.  Since  the  skidding  tendency  is  highest  in 
lightly  loaded  high  speed  bearings,  it  is  possible  to  in- 
stall nonload-carrying  hollow  rollers  in  cylindrical 
roller  bearings  without  loss  of  needed  capacity.  This 
offers  the  driving  feature  required  to  defeat  skkufing 
'•nile  providing  adequate  radial  clearance  to  accom- 
modate thermal  growth  during  fail-safe  operation. 
Bearings  with  lower  speed  and  higher  loads  exhibit 
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progressively  leu  skidding  tendency  end  are  de- 
signed with  adequate  radial  clearance  for  fail-safe 
operation  without  need  for  auxiliary  positive  driving 
features.  Thermal  growth  due  to  fail-safe  operation  in 
angular  contact  duplex  ball  bearins  can  be  accom- 
modated by  providing  adequate  internal  clearance 
initially  (minimum  contact  angle  of  say  30  deg)  or,  if 
initially  preloaded,  by  mounting  the  bearings  back- 
to-back  (DB).  Back-i-vback  mounting  allows  the  in- 
ner rings  to  grow  radially  and  axially  without 
generating  additional  preload,  i.e.,  radial  growth 
tends  to  increase  preload  while  axial  growth  relaxes 
preload. 


hence  ignores  any  pouible  effects  of  gross  elastic 
changes  of  shape  in  these  bodies. 

3.  Empirical  coefficients  used  in  the  AFBMA  for- 
mulas reflect  the  characteristics  of  air-melt  AISI 
32100  steel  of  Rc60  nominal  hardness  operating  in 
medium-viscosity  mineral  oils  at  relatively  low 
temperatures  and  moderate  speeds  and  toads. 

4.  Any  effects  upon  life  caused  by  speed  of  rota- 
tion are  omitted. 

5.  The  calculated  lives  are  based  upon  the  number 
of  cyclic  stressings  to  produce  failure  in  10%  of  the 
population  of  a statistically  significant  sample  size. 

6.  Bearings  manufactured  by  differem  sources  arc 
assumed  to  belong  to  the  same  statistical  population. 


1 
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4-2.2 .2.2  Ufe  Analysis 

Modern  techniques  for  calculation  or  fatigue  life  of 
bearings  are  based  upon  the  pioneeri.-.^  theoretical 
engineering  and  statistical  analyses  of  Refs.  96  and 
87.  Certain  empirical  constants  in  these  analyses  were 
determined  by  evaluation  of  experimental  aata; 
hence,  it  may  be  argued  that  the  effects  of  certain 
physical  phenomena  not  specifically  addressed  in  the 
theory  arc  in  fact  represented  in  the  final  equations.  If 
this  is  a valid  argument,  it  follows  that  the  bearing  life 
in  an  application  that  diners  substantially  from  the 
laboratory  conditions  could  vary  significantly  from 
the  calculated  value.  Fortunately,  the  statistical 
model  used  (s  modification  of  the  function  originally 
presented  in  Ref.  88)  is  sufficiently  general  to  permit 
meaningful  interpretation  of  failure  modes  as  diverse 
as  human  mortality,  light  bulb  filament  burnout,  or 
wear-initiated  gear  tooth  spalling.  Consequently, 
valid  test  and  field  service  experience  can  be  used 
satisfactorily  to  add  life  modification  factors  with 
corrected  dispersions  to  the  Weibull  distribution  for 
bearing  life  prognosis. 


4-2.2.2.2.I  Assumptions  and  Limitations 

The  basic  AFBMA  life  calculations  commonly 
used  in  the  U.S.  are  based  upon  Refs.  86  and  87  and 
hence  contain  certain  key  assumptions  and 
limitations: 

1.  The  failure  mode  is  subsurface-initiated  pitting 
or  spailing.  Cracks  begin  at  microscopic  weak  points, 
most  probably  at  the  depth  of  maximum  subsurface 
orthogonal  shear  beneath  the  Hertzian  contact.  The 
developed  solution,  therefore,  is  based  upon  stressed 
volume  theory.  However,  it  has  beern  indicated  (par. 
4-2. 1.1)  that  a preponderance  of  the  failures  in  the 
analysis  of  helicopter  bearings  at  ovethuu!  were  sur- 
face initiated. 

2.  Hertzian  ttrert  theory  is  based  upon  the  local 
compressive  deformation  of  contacting  bodies  and 


4-2. 2.2.2. 2 Modification  Factor  Approach  to  Life 
Prediction 

A useful  method  has  been  advanced  (Ref.  89)  to  ac- 
count for  many  variables  common  in  modern  design 
applications.  An  adjusted  life  LA  is  calculated  as  the 
product  of  adjustment,  environmental  and/or  design 
factors,  and  the  AFBMA  calculated  life  Lio. 
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where 

D » material  factor  (reflecting  actual  steel 
chemistry  and  purity),  dimensionless 
£ * processing  factor  (accounting  for  CEVM 

and  other  melting  practices,  thermo- 
mechanical  metal  working,  forging  grain 
flow  orientation,  and  absolute  and  cle- 
ment differential  hardness),  dimension- 
less 

F “ lubrication  factor  (considering  lubricant 
EHD  film  formation  and  relative  surface 
roughnesses),  dimensionless 
C ■ speed  effects  (considering  centrifugal  ac- 
celeration and  slip  conditions),  dimen- 
sionless 

H * misalignment  factor  (applicable  to  crown- 
ed 8nd  cylindrical  roller  bearings),  di- 
mensionless 

It  is  not  uncommon  in  helicopter  bearing  design  for 
the  value  of  the  multiplicative  group  of  factors  to 
vary  between  0.3  and  18  due  to  the  range  of  con- 
ditions and  requirements  encountered.  Digital  com- 
puter programs  often  are  used  to  define  factors  F.  G, 
and  H;  while  factors  D and  F.  are  assigned  values 
whether  the  life  calculation  is  by  simple  AFBMA 
equation  solution  or  by  computer  analysis. 
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4-2J5. 2.2.3  CooflHt  Elastic  sad  Dyiink  Solutions 
Dynamic  force*  auociated  with  high-speed  opera- 
tion not  only  change  bearing  operating  charac- 
teristic* greatly  from  those  assumed  for  the  static 
design  but  also  impose  limiting  speeds  based  upon 
failures  due  to  sliding  or  contact  slip  heat  genera- 
tion. Fig.  4-31  shows  that  centrifugal  acceleration  at 
high  speeds  not  only  increases  the  outer  ring/ball 
load  for  an  angular  contact  bearing,  but  results  in  dif- 
ferent contact  angle*  at  each  race.  The  definitive  axis 
for  ball  rotation  it  dependent  upon  the  contact  that 
has  the  greater  “grip"  on  the  ball.  At  high  speeds  this 
may  be  the  outer  race,  which  then  forces  the  inner 
race  contact  into  gross  sliding.  Also,  because  the  ball 
rotation  is  not  coincident  with  the  bearing  axis  of 
revolution,  a gyroscopic  precession  moment  is  in- 
duced. For  balls  of  large  size  and  high  contact  angle, 
this  moment  may  induce  complete  precession  slip, 
often  with  immediate  overheating  failure.  Analyses  of 
the  governing  forces  are  treated  in  Ref.  90.  General 
computer  solutions  employing  the  equations  of  this 
reference  also  may  consider  the  elastic  deformation 
of  shaft  and  housings  in  combination  with  the  Hert- 
zian deflections  between  the  race  and  the  rolling  ele- 
ment as  they  influence  the  load  distribution  among  a 
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Figure  4-31.  High  Speed  Angular  Contact  Bad 
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number  of  individual  bearings  on  a common  shaft. 

A special  case  of  elastic  deflection  influence  upon 
calculated  life  occurs  in  planetary  idler  bearings 
whose  outer  races  are  integral  with  the  idler  gears.  As 
a result  of  the  squeeze  cfToct  of  the  sun  and  ring  gear 
radial  load  components,  and  of  the  moment  upon  the 
gear  centroid  d ie  to  tangential  tooth  loads,  con- 
siderable deformation  occurs  and  may  create  ad- 
ditional bearing  loads  of  sufficient  magnitude  to  re- 
duce bearing  life  significantly.  Rim  section  proper- 
ties and  internal  clearances  also  have  strong  effects 
upon  resultant  life.  Typical  functions  are  shown  in 
Fig.  4-32  (Ref.  91). 
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4-2.2.2.3  Drawing  Conti  ols 

Confidence  cannot  be  placed  in  the  reliability  or 
performance  of  a drive  transmission  bearing  without 
a thorough  evaluation  of  the  important  charac- 
teristics of  the  bearing  as  defined  for  the  specific 
application.  Bearing  characteristics  may  be  con- 
trolled by  drawing,  secondary  specification,  or  manu- 
facturers’ source  documents  — depending  upon  in- 
dividual preference.  The  following  are  minimal 
guidelines  for  such  control: 

1.  Raw  maieriai: 

a.  Chemistry 

b.  Method  of  melt 

c.  Certification  limits 

d.  Size  reduction  from  ingot 

e.  Grain  orientation 

f Thermomechanical  processing  limits  if  ap- 
plicable 

g.  Decarburization. 

2.  Heat  treatment  requirements: 

a.  Process  controls 

b.  Certification 

c.  Properiies  including  microstructure,  hard- 


* 


« 


ness 

d.  Case  and  core  properties  where  applicable 

c.  Limits  on  reprocessing 

f.  Retained  austenite,  where  applicable,  or 
time-temperature  stability  requirements. 

3.  Serialization  and  identification: 

a.  Traceability 

b.  Location  of  codes  and  numbers 

c.  Process  step  for  application 

d.  Match  marks  for  high  pcints  of  eccentricity 
on  precision  sets 

e.  OD  code  marking  for  verification  of  proper 
stacking  of  matched  sets. 

4.  Dimensioning  technique: 

a.  Applicable  ABEC  and  RBEC  grades 

b.  Pitch  diameter;  rolling  element  dimensions: 
race  curvature;  contact  angle  (unmounted);  radial 
clearance;  shoulder  heights;  flushness  and  gaging 
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leads;  corner  breakout  limits:  retainer  dimension;  in- 
cluding pocket  clearances,  surface  finishes;  and  ap- 
plicable special  dimensions  which  differ  from 
ABEC/RBEC  standards. 

5.  Finishing  requirements: 

a.  Methods  and  limitations  on  plating,  peening. 
honing,  polishing,  and  stock  removal,  when  ap- 
plicable 

b.  Protection  against  embrittlement  and  stress 
corrosion. 

6.  Nondestructive  testing: 

a.  Requirements  for  magnetic  particle,  pene- 
trant, and  etchint  techniques 

b.  Control  frequency  and  sequence  of  test  or  in- 
spection 

c.  Frequency  of  certification  proceases. 

The  use  of  life  modification  factors  (Eq.  4-53)  can- 
not be  warranted  or  substantiated  unless  specifically 
controlled  by  the  fabrication  and/or  procurement 
document. 


4-2.23  SatlM* 

Basic  introductory  and  classification  information 
concerning  splines  U contained  in  AMCP  706-201. 
Therefore,  this  discussion  is  limited  to  specific  design 
applications  of  power-transmitting  splines. 

The  primary  failure  mode  for  a properly  designed 
spline  is  wear.  When  relative  motion  is  slight,  fretting 
corrosion  often  accelerates  wear.  Good  design  prac- 
tice will  insure  a wear  life  in  excess  of  the  useful  com- 
ponent life.  Galling  and  pickup  (welding)  occur  only 
under  excessive  compressive  stress  in  the  presence  of 
slight  motion.  Tooth  breakage  and  fatigue  seldom  oc- 
cur unleu  shaft  bending  moments  were  neglected  in 
the  design  analysis.  Neglect  of  proper  fillet  radius 
control  or  advanced  fretting  corrosion  often  con- 
tributes to  such  failures.  Bunting  of  the  internally 
to.ihed  member  is  rare,  but  results  from  an  ex- 
cessively thin  tooth  backup  structure  that  is  insuf- 
ficient for  the  hoop  or  tensile  stresses  imposed  by  the 
tooth  separating  and  centrifugal  forces. 
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Two  basic  spline  types  are  employed  in  drive 
system  design:  face  splines  and  concentric  splines. 

4-2 .2.3.1  Face  Splines 

Face  splines  are  typically  used  to  couple  two  shafts 
or  a shaft  and  a gear.  Flat-faced,  tapered,  V,  or 
square  form  teeth  may  be  milled,  shaper  cut,  or 
ground  — depending  upon  material  hardness  and  ac- 
curacy requirements.  The  fabrication  of  high-quality, 
interchangeable,  concentric  joints  with  uniform  tooth 
contact  is  relatively  difficult  i.id  exper^ive;  conse- 
quently, they  are  seldom  used  in  drive  systems. 

The  most  common  face  spline  is  the  Curvic* 
system  (Ref.  92).  Curvic*  splines  are  easily  fabri- 
cated with  pressure  angles  between  10  deg  and  30  deg, 
although  the  higher  value  is  predominant.  Most  de- 
sign deficiencies  result  from  inadequate  localization 
of  tooth  contact  relative  to  the  tooth  center  or  from 
inadequate  clamping  means  to  resist  the  tooth  sepa- 
rating forces  and  the  bending  moments  on  the  joint. 

*Registercd  Trademark  — Gleason  Works 

4*223.2  Concentric  or  Longitudinal  Splines 

This  type  of  joint  has  its  load-beat  ifig  surfaces  es- 
sentially parallel  to  the  rotational  axes  of  the  coupled 
components  that  comprise  the  external  and  internal 
mating  elements.  This  discussion  is  limited  to  the 
commonly  used  involute  tooth  form,  although  other 
types  arc  occasionally  used. 

The  involute  spline  may  be  manufactured  by  any 
involute  gear  production  method,  in  addition  to 
methods  not  well  suited  to  full-depth,  h'gh-strength 
gear  tooth  forms.  Depending  upon  the  limitations 
imposed  by  production  volume  and  precision,  in- 
volute splines  may  be  produced  by  milling,  shaping, 
shear  cutting,  broaching,  cylindrical  thread  rolling, 
rack  cutting,  shaving;  by  rolling,  hobbing,  and  form 
or  profile-generating  grinding.  Relatively  trouble-free 
applications  are  limited  to  misalignments  of  0.001  in.- 
/in.  and  are  either  clamped  or  floating.  Operating 
misalignment  of  the  axes  of  the  mating  parts  of  0.2S 
deg  or  greater  under  load  requires  the  use  of  flexible 
couplings  (par.  4-3.2. 1).  It  is  very  difficult  to  obtain 
satisfactory  wear  life  with  floating  splines  operating 
with  misalignment. 

4-2  Properties  of  Splines 

Involute  splines  are  designated  as  mqjor-diamcter 
or  sideflt,  depending  upon  the  controlling  di- 
mensional features.  Minor-dian^ter-fit  splines 
should  be  avoided  in  all  but  special  applications  (such 
as  with  a weaker  internal  member)  due  to  the  ex- 
cessive stress  concentration  caused  by  the  sharp 
tooth-root  fillet  radius  on  the  external  member. 


Splines  are  clamped  to  prevent  relative  motion. 
Light  interference  fit  dimensioning  of  mgjor-diametcr 
or  side  fit  splines  may  be  employed  to  assist  in  at- 
taining secure  clamping.  When  radial  loads  domi- 
nate the  joint  design,  adjacent  mating  cylindrical 
bores  and  shoulders  with  light  press  fits  frequently 
are  used  to  complement  the  spline;  successful  ap- 
plication require*  close  control  of  concentricity 
between  joint  elements. 

Floating  spline  joints  primarily  are  used  to  ac- 
commodate axial  motion.  Diametral  looseness  and 
backlash  must  be  sufficient  to  provide  clearance  un- 
der operating  conditions.  The  choice  between  major- 
diameter  and  side  fit  control  normally  is  predicated 
upon  concentricity  and  balance  requirements.  Major- 
diameter  control  is  preferable  for  precision  ap- 
plications where  rotational  speeds  or  alignment  are 
critical.  While  side  fit  splines  of  20  deg  or  greater 
pressure  angles  provide  self-centering  under  torque 
loads,  their  looseness  may  permit  excessive  com- 
ponent imbalance  and  eccentric  operation  under  no- 
load,  high-speed  operation. 

Conventional  involute  splines  may  offer  ap- 

rgaietartQ#  Ia  a*ial  mAtiAn  u/kiU  Misrj|jr  Icurl _ 

A safe  design  value  axial  force  Aj  for  oil-lubricatcd 
spline  may  be  taken  as: 

Af-0AQ/Dp.\b  (4-54) 

where 

Q ■ torque,  lb-in. 

Dp  - pitch  diameter,  in. 

Reduction  in  slip  force  may  be  achieved  by  use  of 
special  lubricants,  friction-reducing  tooth  coatings, 
platings  (silver,  etc.)  and  treatments;  with  ball  splines; 

r\ s*  U»i  4 Via  inlrnrlii/'lmn  AA«xui/V«ra  M-  T!,.i:n»m.nl 
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(par.  4-3.2. 1).  Nylon  (Ref.  93)  and  epoxy-bonded 
molybdenum  disulfide  coatings  are  often  effective. 

Floating  spline  joints  also  are  used  to  provide  a 
slight  accommodation  for  radial,  axial,  and  angular 
misalignment.  Under  these  operating  conditions, 
fretting  and  galling  wear  modes  may  prove  trouble- 
some. Their  occurrence  is  difficult  to  predict,  and  de- 
termination of  secondary  effects  and  solutions  fre- 
quently must  await  design  development  testing. 
Depending  upon  the  severity  of  the  problem  and  the 
design  restrictions,  the  following  solutions  have 
found  widespread  use  individually  or  in  combination: 

1.  Increased  hardness  and  accuracy  (generally  a 
matter  of  gear  tooth  grinding  precision) 

2.  Shot  peeving  of  one  or  both  members  (relatively 
high  intensities  and  surface  texture  modification  are 
desired) 

3.  Use  of  dissimilar  materials,  types  of  heat  treat- 
ment, and  hardnesses 
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4.  Crowning  of  the  external  member  tooth  flanks 
and  major  diameter 

5.  Increased  oil  flow  or  othei  lubrication  improve- 
ments. 

4-2.23,4  Sfllat  Strength  Analysis 
AMCP  706-201  gives  allowable  bearing  pressures 
for  various  classifications  of  involute  splines. 
These  values  reflect  app  oximate  current  practice  in 
the  helicopter  industry  and  are  defined  by 

Shr  -2Q/(d>f).  psi  (4-55) 


where 

D m pitch  diamcicr,  in. 

F ■ face  width,  in. 

Q - torque,  lb-in. 

for  standard  SAE  or  ANSI  BS.IS  tooth  proportions 
where  tooth  addenda  are  one-half  those  of  AGMA 
standard  201.02  gears.  However,  these  values  do  not 
represent  true  bearing  pressures  because  the  ac- 
curacies, stiffnesses,  and  geometric  proportions  of  ty- 
pical splines  combine  io  reduce  the  true  contact  area 
to  leu  than  the  100%  tacitly  assumed  in  Eq.  4-55. 

The  accuracy  of  splines  is  determined  by  the 
tolerances  as  specified  and  the  method  of  inspection 
employed  rather  than  by  the  method  of  manufacture. 
Splinea  may  be  gaged  (go-no-go  systems),  gaged  and 
partially  inspected  analytically,  or  completely  in- 
spected analytically  in  the  manner  of  gears.  The 
following  values  of  the  fraction  of  theoretical  contact 
7 achieved  with  splines  of  the  various  classifications 
arc  realistic 

Quiifc&ltfia 
Gaged  USASI  CIS 
(commercial  grade) 

Gagi  1 and  measured 

ANSI  B5.I5-I950C1.5 

Analytically  measured 

SAE  Cl. 3 (about  50% 

tolerance  of  B5.I5  Cl. 5) 

The  variation  of  7 within  each  classification  is  de- 
pendent upon  stiffness,  proportions,  and,  in  some  in- 
stances, the  ductility  when  the  design  load  ap- 
proaches limit  shear  strength. 

An  external  involute  spline  with  face  width  F * 
DJI  on  a solid  shaft  will  exhibit  greater  shear 
strength  than  the  shaft  if  D0  (outside  diameter  of  the 
shaft)  is  only  slightly  smaller  than  the  spline  minor 
diameter  A«c  Therefore,  excessive  spline  lengths  can 
offer  little  benefit  while  increasing  manufacturing  dif- 


Contact  Fraction 
0.25  0.45 

0.45  Sy<  0.75 
0.75  £ 7 £ 0.95 


Acuity  and  costs.  Reasonable  proportions  for  spline 
face  width  F and  pitch  diameter  Df  arc: 

0.4  5 FjDf  S 1,0  for  torque-transmitting 

applications 

0. 8  5 F/Df  £ 2.0  for  location  and  alignment  ap- 
plications. 

Lengthwise  tooth  load  uniformity  can  be  en- 
hanced further  by  adjusting  the  shaft  diameters  and 
wall  thicknesses  to  secure  matching  torsional  de- 
flections and  by  avoiding  excessive  radial  stiffness  at 
either  end  of  the  spline  joint.  Stress  concentration 
must  be  avoided  by  specifying  minimum  fillet  radius 
values,  chamfering  or  otherwise  blending  tooth  ends 
into  the  shaft  section,  and  achieving  uniform  loading. 

For  most  helicopter  applications,  spline  fatigue  en- 
durance is  not  the  limiting  criterion  because  oscilla- 
tory loading  due  to  shaft  bending  or  torque  fluctua- 
tion is  avoided  by  proper  design.  If  bending  fatigue  is 
a design  consideration,  recourse  to  use  of  the  modi- 
fied Goodman  diagram  (par.  4-2.2.I.2)  with  ap- 
propriate stress  concentration  factors  is  required. 
Static  stress  analyses  must  demonstrate  a positive 
margin  of  safety  both  fur  limit  tortjuc  compared  to 
material  yield  strength  and  for  ultimate  torque  com- 
pared to  material  ultimate  strength.  Limit  spline 
torque  is  defined  as  1.5  X maximum  drive  system 
continuous  torque  and  ultimate  torque  as  1 .5  X limit 
torque. 

The  following  spline  static  stresses  should  be  cal- 
culated in  addition  to  the  bearing  stress  values  S^: 

1.  Spline  shear  stress  S,: 


s 


-ig- 

7 D.  %'r~ 


where 

Q - spline  torque,  lb-in. 

JV  - number  of  spline  teeth 

Tc  - circular  tooth  thickness,  in. 

7 - fraction  of  theoretical  contact,  dimension- 

less 

2.  Torsional  shear  stress  (external  toothed  mem- 
bers) 


MQDni 

HK-d;) 


• psi 


(4-57) 


where 

D,  - inside  diameter  of  shaft,  in. 
- minor  diameter  of  spline,  in. 
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W2-2SSM, 


3.  Bursting  stress  (internal  too'hed  member)  Sk: 


Si  - 7.093  X 10 -ppiPtfi 


(4-58) 


wjww 

Pi  - flavor  diameter  of  spline,  to. 

Pi  “ cutiade  duupetor  of  spline  tooth  member 
■ D,  + 2 x (back-up  rim  thickness),  in. 
ji  » rotetfcmal  speed,  rpm 

p - material  density,  tb/in.' 

4 • spline  pcessuni  snfk,  d«f 

limit  and  uhinsate  margins  of  safety  must  be  cal- 
culated using  appropriate  torque  values  in  these 
equations  and  comparing  the  stresses  calculated  with 
Eqs.  4-56  and  4-57  with  the  allowable  yield  and  ulti- 
mate shear  stresses  of  the  respective  parts.  The 
stresses  calculated  by  Eq.  4-58  are  compared  with  the 
allowable  yidd  and  ultimate  tensile  stresses  of  the  in- 
iernai  toothed  member. 


4413J  Drawing  Design  sad  Control 

Splines  should  be  specified  on  the  engineering 
drawing  or  other  document  in  a manner  similar  to 
gear  teeth.  An  enlarged,  dimensioned  sectional  view 
and  a data  block  should  be  included.  An  even 
number  of  teeth  is  preferred  for  over/under  wire  in- 
spection purposes  and  manufacturing  ease.  To  pre- 
vent involute  undercutting  and  permit  use  of  the 
maximum  number  of  manufacturing  technique  op- 
tions, tooth  numbers  must  be  no  lower  than  those  in 
Fig.  4-33. 

The  enlarged  spline  drawing  (Df/ 2 is  a convenient 
scale)  should  present  major  diameter,  pitch  diameter, 
form  diameter,  minor  diameter,  minimum  fillet 
radius,  circular  tooth  thickness  (external),  circular 
space  width  (internal),  tooth  tip  chamfer,  dimension 
over  (external)  or  under  (internal)  gage  wires,  and 
surface  finish. 

The  data  block  should  present  number  of  teeth, 
diametral  pitch  fraction  c/6|(where  a reoitsents  Pd  - 
DJN  and  b is  the  value  of  Pj  when  it  is  expressed  as 
the  reciprocal  of  the  addendum  length),  pressure 
angle,  base  diameter,  total  or  composite  index  error, 
maximum  deviation  of  parallelism  tooth-to-tocth  for 
given  length  of  engagement,  and  parallelism  limits 
with  respect  to  part  reference  axis  or  surfaces. 

Involute  profile  tolerance*  should  be  presenter  jj 
data,  for  gage  inspection,  or  as  a chart,  for  analytical 
inspection.  For  gage  inspection  techniques,  major 
diameter  and  pitch  diameter  eccentricities  must  be 
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absorbed  within  the  limitations  of  the  major  dia- 
meter and  effective  tooth  (or  space)  thickness 
tolerances.  For  externally  gaged  splines  the  maxi- 
mum effective  and  minimum  actual  circular  tooth 
thicknesses  must  be  specified;  while  for  internally 
gaged  splines,  the  minimum  effective  and  maximum 
actual  circular  space  width  must  be  determined. 
When  inspection  with  gages  is  specified,  the 
diameters  of  over-and-under  wires  calkd  for  arc 
referenced  data.  With  analytical  inspection 
techniques,  tooth  thickness  and  space  width  are  given 
as  actual  minimum  and  maximum  limits,  and  tooth- 
to-tooth  spacing  tolerances  also  must  be  specified.  In 
addition,  allowable  tooth  lead  error  should  be  sub- 
stituted for  parallelism  error. 

The  manufacturing  method  must  be  considered 
when  detailing  the  spline.  Shaper  cut  splines  should 
have  a minimum  chip  and  cutter  overrun  gap  equal  to 
their  total  depth.  The  minimum  relief  diameter  for  an 
internal  spline  should  be  equal  to  the  mqjOr  diameter 
plus  one  quarter  of  the  whole  depth,  and  for  an  ex- 
ternal spline,  the  minor  diameter  minus  one  quarter 
of  the  whole  depth.  These  diametral  clearance  values 
also  may  be  used  for  broached  splines.  Hobbcd  or 
ground  splines,  of  course,  must  provide  overrun 
designee  for  the  wheel  or  hob  radius. 

4-12.4  Overman  leg  Clutches 
Certain  overrunning  (free-wheeling)  clutch  require- 
ments were  described  in  par.  4- 1 .2.2.  The  lowest  drive 
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system  weight  will  result  from  placing  the  clutch  in 
the  location  of  highest  speed;  i.e.v  between  the  engine 
and  the  first  stage  of  reduction  gearing.  However, 
other  considerations  in  multiengine  configurations  — 
such  as  vulnerability,  safety,  and  reliability  — may 
require  locating  the  clutch  between  the  first  and 
second  stage  of  reduction  gearing. 

Operational  requirements  for  clutches  vary  with 
helicopter  configuration,  mission,  and  life  cycle. 
However,  current  Army  clutch  requirements  for 
twin-engine  helicopters  typically  art. 

1.  The  minimum  ultimate  torque  capacity  of  the 
clutch  shall  be  2.0  X limit  torque  (limit  torque  - 1 .5 
X maximum  continuous  drive  torque). 

2.  2-hr,  full-speed  continuous  overrunning  shall  be 
possible  without  operational  capability  impairment. 

3.  30-min,  full-speed  continuous  safe  operation 
shall  be  possible  after  total  loss  of  lubricant  system. 
"I  hese  requirements  apply  to  the  entire  clutch  system, 
including  support  bearings  and,  often,  seals. 

In  addition  to  these  requirements,  there  exist  other 
significant  design  considerations  as  evidenced  by  ob- 
served failure  modes  in  existing  helicopter  clutch  ap- 
plications: 


1 . Brinciling  due  to  the  presence  of  oscillatory  tor- 
que pulsations.  Depending  upon  operating  stresses 
and  configuration,  overrunning  clutches  will  safely 
tolerate  only  10  to  30%  continuous  oscillatory  tor- 
que. External  shaft  bending  and  radial  or  moment 
loads  must  be  eliminated  from  the  clutches  by  use  of 
relatively  rigid  support  bearings  that  maintain  con- 
centricity at  all  times  between  the  driving  and  over- 
running members.  When  modeling  a drive  system  for 
torsional  analysis,  it  is  important  to  consider  the 
clutch  as  a relatively  soft  torsional  spring.  Stiffness 
values  typically  range  from  35,000  to  350,000  in.- 
Ib/rad  (Ref.  94). 

2.  Excessive  wear  at  intermediate  overrunning 
speeds.  Maximum  wear  conditions  usually  are  en- 
countered when  the  output  member  is  operating  at 
full  speed  and  the  engine  is  at  idle  speed.  Most  sprag- 
and  roller-type  clutches  evidence  their  greatest  wear 
rates  when  (input  speed)  / (output  speed)  * 0.5  due 
to  the  product  of  centrifugally  induced  compressive 
stresses  and  sliding  velocities. 

3.  Failure  to  engage  at  high  speeds.  In  many  in- 
stances reported,  the  second  engine  has  failed  to  en- 
gage after  the  first  has  accelerated  the  system  to 
ground  idle  speed.  Both  sprag  and  roller  clutches  re- 
quire a critical  friction  coefficient  of  about  0.05-0.07 
to  engage.  Hydrodynamic  or  clastohydrodynamic  oil 
film  formation  and/or  externally  induced  vibratory 
modes  may  lower  friction  coefficients  below  this  level 
at  the  moment  of  speed  synchronization,  resulting  in 


momentary  or  complete  overspeeds.  Subsequent  ad- 
justments of  input  or  output  speeds  may  lead  to 
abrupt  engagement  with  attendant  shock  loads  suf- 
ficient to  fail  adjacent  drive  system  components. 

4.  False  brinciling  of  clutch  elements  or  support 
bearings.  Clutch  support  bearings  operate  in  a static 
mode  whenever  the  clutch  is  engaged  because  both 
inner  and  outer  bearing  rings  rotate  in  unison.  Ex- 
ternal vibration  thus  may  cause  fretting  or  false 
brinelling  at  the  rolling  element/racc  contacts.  The 
entrapment  of  wear  particles  and  sludge  in  the  outer 
race  often  accelerates  such  wear.  Therefore,  it  is  im- 
portant to  maximize  the  static  capacity  of  the  support 
bearings  for  the  available  envelope  and  to  ptovide 
good  oil  circulation  without  stagnation  areas. 

Design  considerations  peculiar  to  particular  types 
of  clutches  are  given  in  the  paragraphs  that  follow. 

4-2. 2.4.1  Sprag  Clutches 

Sprag  dutches  tre  the  most  widely  used  type  for 
helicopter  drive  systems.  Two  variations  have  been 
used  with  success.  Both  employ  a complement  of 
equally  spaced,  full-phasing  sprag  cams  operating 
between  concentric  circular  races.  A detailed  study  of 
their  geometric  and  operating  characteristics  is  pre- 
sented in  Ref.  95.  Race  cross  sections  must  be  suf- 
ficiently large  to  prevent  elastic  deflection  under  load 
from  increasing  the  sprag  space  by  more  than  about 
0.002  in.  Race  hardness  and  case  depth  must  be  ade- 
quate to  support  operating  Hertzian  stresses  of  450,- 
000  to  500,000  psi  at  the  sprag/inner  race  contact. 
Successful  applications  of  these  designs  are  based 
upon  between  3 X 10*  and  10’  cycles  of  full  torque 
application  without  failure. 

For  moderate  to  high-speed  operation  it  is  pre- 
ferable to  use  outer  race  power  input  with  inner  race 
overrunning  to  reduce  the  centrifugally  induced 
sprag/raev  contact  stress.  In  such  usage  the  sprag 
complement  should  remain  stationary  with  respect  to 
the  outer  race  and  should  slip  at  the  inner  race  during 
overrunning.  This  arrangement  also  permits  centri- 
fugal-feed lubrication  through  the  inner  race  and  re- 
duces the  race/sprag  sliding  velocity  for  a given  over- 
running speed. 

Both  clutch  types  usually  employ  a degree  of  cen- 
trifugal self-energization  by  virtue  of  sprag  center  of 
gravity  (CO)  ofTset  with  respect  to  their  contact 
engagement  axes.  This  can  cause  some  problems  with 
high-speed  applications  because  the  drag  torque 
(power  loss)  and  wear  may  be  excessive. 

The  two  clutch  types  differ  in  some  characteristics. 
For  example,  one  user  two  concentric  cage  elements 
to  separate  the  sprags,  while  the  other  uses  a single 
outer  cage.  The  double-cage  type  uses  an  inner  race 
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drag  spring  to  react  the  centrifugal  self-energization 
during  slip  conditions,  and  may  produce  con- 
siderably lower  overall  drag  forces  at  intermediate 
slip  conditions.  The  single-cage  design  frequently  em- 
ploys an  integral  rib  on  the  sprag  which  contacts  the 
adjacent  sprag  and  thus  limits  sprag  overload  rock 
angle. 

The  overload  failure  modes  of  the  two  types  also 
differ,  The  double-cage  design  fails  by  sprag  turn- 
over (with  resultant  permanent  loss  of  drive)  while 
the  design  with  ribbed  sprag  and  a single  cage  fails  by 
slipping.  However,  both  failure  modes  generally  ex- 
ceed the  2 X limit  torque  requirement  by  com- 
fortable margins.  The  single-cage  clutch  usually  has  a 
higher  torsional  spring  rate  than  the  double  (for 
equal  envelopes)  along  with  a greater  tolerance  for 
oscillatory  loading  conditions. 

Proper  lubrication  of  either  type  requires  com- 
plete oil  immersion.  This  often  is  accomplished  by 
use  of  full-depth  circular  dams  on  both  sides  of  the 
sprag  unit. 


4-2J.4.2  Rsssp  sad  Roller  Clutches 

Ramp  and  roller  clutches  also  have  found  ex- 
tensive successful  application  in  existing  helicopters. 
Such  designs  employ  a cylindrical  outer  race  as  in 
sprag  clutches,  but  use  cylindrical  (hollow  or  solid) 
rollers  in  lieu  of  sprats,  plus  a multiple-cam-surfacc 
inner  race  to  provide  a wedging  action  on  the  rollers 
upon  engagement.  Overrunning  usually  produces 
roller  complement  rolli  contact  with  the  outer  race 
and  sliding  with  the  inner.  Consequently,  most 
moderate-  to  high-speed  applications  feature  inner 
race  input  with  outer  race  overrunning  This  design 
may  require  forced  feed  (pressure)  lubrication 
through  the  inner  race  to  obtain  satisfactory  full- 
sneed  overrunning. 

Spring-loaded  cages  or  individual  roller  springs  are 
used  to  force  the  rollers  into  the  wedge  to  secure  reli- 
able and  rapid  engagement  upon  race  speed  syn- 
chronization. A thorough  analysis  of  the  design 
geometry  and  speed  characteristics  of  these  clutches 
is  given  in  Ref.  96. 

Due  to  the  reduced  radius  of  curvature  in  the  roller 
as  compared  to  the  sprag  cam,  roller  dutches  have 
lower  torque  capacities  than  sprag  clutches  cf  com- 
parable size.  Overrunning  drag  torque  also  is  greater 
at  high  speeds  for  the  roller  clutch.  Failure  mode  of 
this  clutch  type  at  oveitorque  is  slip,  if  the  cam/ usee 
components  arc  sufficiently  strong  to  preclude  their 
fracture,  drive  capability  is  not  lost.  In  most  instal- 
lations, the  roller  clutch  has  shown  a superior 
tolerance  to  oscillatory  torquc-induccd  wear. 


4>2.2.4.3  Seif-energizing  Spring  Clutches 
Although  there  have  been  no  applications  of  spring 
dutches  in  production  helicopter  systems,  con- 
siderable interest  has  developed  in  them  because  tlicy 
have  the  potential  advantage  of  reduced  weight  and 
size  for  a given  torque  capacity.  The  principal  de- 
terrent to  the  use  of  spring  clutches  in  helicopters  has 
been  their  poor  release  characteristics  in  over- 
running. Recent  design  improvements  feature  a 
tapered-width  helical  spring  of  rectangular  cross  sec- 
tion and  cylindrical  outside  diameter  (Ref.  97).  The 
torque  transmission  is  between  a cylindrical  outer 
race  and  the  outside  diameter  of  the  spring.  The  de- 
vice may  be  servo-actuated  with  an  energizing  pawl 
that  contacts  the  small  end  of  the  spring  or  self- 
energized  by  friction  forces  between  the  spring  end 
and  the  outer  race.  Recent  development  and  test  ex- 
perience is  reported  in  Ref.  98. 


4-2.2. 5 Rotor  Brakes 

AMCP  706-201  describes  the  basic  requirements 
for  rotor  brakes,  while  AMCP  706-203  presents  the 
minimum  qualification  test  requirements.  This  dis- 
cussion, therefore,  is  confined  to  typical  detail  re- 
quirements and  limitations  and  to  basic  design  and 
analysis  procedures. 

While  this  paragraph  treats  only  hydraulically  ac- 
tuated disk-  and  puck-type  brakes,  the  basic  analyti- 
cal techniques  presented  arc  sufficiently  general  to 
aid  in  the  development  of  design  criteria  for  other 
types  of  rotor  brakes.  The  disk  brake  has  become  vir- 
tually the  standard  for  helicopters  due  to  its  relative 
simplicity,  case  of  inspection  and  maintenance,  and 
reliability. 

A rotor  brake  differs  significantly  from  a wheel 
brake  both  in  fai'ure  modes  and  in  functional 
requirements.  The  catastrophic  failure  mode  for  a 
wheel  brake  is  failure  to  engage,  or  failure  to  stop  the 
aircraft.  Puck  clearances  arc  nil,  contact  speeds  are 
moderate,  significant  cooling  may  occur  during  and 
after  use  with  disk  ventilation  assisted  by  rotation, 
and  repetitive  use  with  short  operating  cycles  and  in- 
tervals is  common.  The  catastrophic  failure  mode  for 
a rotor  brake,  on  the  other  hand,  is  unintentional 
operation.  Puck  clea-ances  must  be  very  large,  con- 
tact spreds  may  be  very  high,  the  primary  cooling  is 
provided  by  the  disk  heat  sink,  and  lepetitivc  use  in 
less  than  a 5-min  time  interval  is  virtually  im- 
possible. 


4-2.2.5.J  Requirements  and  Limitations 
Recent  performance  specifications  for  Army  heli- 
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copter  rotor  brakes  have  included  the  following 
requirements: 

1.  Shall  stop  rotor  from  100%  speed  in  30  sec 

2.  Shall  allow  1000  stops  without  part  re- 
placement 

3.  Must  hold  rotor  slopped  against  45-kt  wind 
while  helicopter  is  not  in  use 

4.  Must  hold  rotor  stopped  while  engines  are  at 
idte 

5.  Must  not  be  located  on  a main  dnveshaft.  or 
where  lining  debris  could  cause  FOD  to  engines  or 
APU 

6.  Activation  and  control  shall  be  fail-safe. 
Safeguards  are  required  to  prevent  inadvertent  acti- 
vation. Engine  control  interlock  required  with 
positive  retention  in  lock  and  unlock  modes. 

Development  and  performance  histories  of 
helicopters  also  suggest  the  following  guidelines: 

!.  The  best  (in  simplicity,  reliability,  and  safety) 
hydraulic  system  is  a manual  hydrostatic  type.  If 
operated  from  or  boosted  by  ptimp/accumulator 
systems,  these  systems  should  be  divorced  com- 
pletely from  flight  control  or  serve  actuator  systems. 

2.  Automatic  self-adjustment  is  undesirable  be- 
cause it  compromises  reliability.  Sufficient  fluid 
should  be  provided  to  accommodate  the  useful  wear 
life  of  the  finings;  manual  hydrostatic,  dual-level, 
mechanical  advantage  systems  have  been  developed 
to  accomplish  this  requirement  (Ref.  99). 

3.  The  disk  should  be  stiffly  coupled.  A short,  tor- 
rionally  stiff  takeoff  d.ivc  on  the  main  rotor  trans- 
mission is  often  desin  bk . Soft  mounted  disks  (such 
as  on  intermediate  or  tail  rotor  gearbox  drive-shaft 
hangers)  invariably  become  a vibration  and  antinodc 
at  some  speed  during  engagement  with  resultant  os- 
cillatory loads  on  disk  und/or  puck  attachments. 
These  loads  may  cause  intermittent  brake  chatter,  dy- 
namic system  overloads,  or  crew  annoyance. 

4.  The  puck  or  caliper  assembly  should  have  a 
high  spring  rate  mounting  that  is  stiff  in  all  loading 
vector  component  directions. 

From  a practical  viewpoint,  there  may  be  limi- 
tations that  place  two  or  more  of  these  requirements 
into  conflict.  Often,  specification  compromise  or 
multimode  brake  activation  systems  arc  tlv  result. 
For  example: 

I.  Short  stop  time,  high  rotor  inertia,  and  landing 
gear  skid  friction  limits  may  combine  to  cause  ground 
loop. 

Braking  torque  Qt  is 


Qe  - rtl.  Ib-ft 


(♦-») 
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where 

/ » rotor  inertia,  slug-ft* 

ft  « rotcr  (angular)  deceleration,  rad/sed 

and  skid  torque  Qs  is 

Qs  - Wfd,  Ib-ft  (4-60) 

where 

W ■»  helicopter  weight  carried  on  each  braked 
wheei,  lb 

/ - effective  coefficient  of  friction,  gear  to 

ground,  dimensionless 
d « track  of  braked  wheels,  ft 
For  a stop  time  of  15  sec,  rotor  inerua  I « 7500  slug- 
fl1  and  0 « 250  rpm  rotor  speed,  QB  « 13,090  lb- ft 
(ignoring  aerodynamic  rotor  decay).  If  each  of  the 
braked  wheels  is  loaded  to  4000  lb,  the  wheel-track  is 
80  in.,  and  / “ 0.4  (rubber  sliding  on  asphalt),  the 
skid  torque  Qs  * 10,667  Ib-ft,  and  therefore,  a 
dangerous  ground  loop  potential  would  exist.  The 
minimum  stopping  time  under  such  conditions  would 
be  18.4  sec.  A safe  limit  for  tl;e  pilot -activated  rotor 
brake  mode  would  apply  about  9800  Ib-ft  of  torque 
to  the  main  rotor  mast  (equivalent  to  a 20-sec  stop). 

2.  Although  the  static  breakaway  friction  for  the 
disk/puck  brake  may  be  somewhat  higher  than  that 
for  dynamic  conditions,  the  severe  consequences  of 
inadvertent  rotor  rotation  during  engine  idle  opera- 
tion suggest  the  need  for  an  additional  safety  mar- 
gin. This  can  be  provided  by  use  of  the  lower  value  oi 
friction  coefficient  in  design  calculations.  Thus,  a 
typical  pair  cf  engines  might  develop  the  equivalent 
main  rotor  torque  of  12.000  Ib-ft  at  t0%  gas 
generator  speeds.  If  the  safe  pilot- activated  rotor 
stopping  mode  is  limited  to  a main  rotor  torque  of 
9800  Ib-ft  in  accordance  with  Hem  1,  a second  brake 
mode  with  increased  pressure  (interlock -protected  for 
engine  start  sequence  only)  would  be  indicated 


6Z2.5J  Deslgs  serf  Analysis 

Two  basic  determinations  arc  required  for  the  cal- 
culation of  safe  brsdte  performance:  (l)  limit  energy 
rate  per  unit  ares  to  yidd  satisfactory  wear  life  and 
preclude  disk  scuffing,  and  (2)  disk  heat  sink  capa- 
city. 

Surface  energy  rate  varies  with  such  lining  and  disk 
properties  as  thermal  conductivity,  diffusivjty,  con- 
vective cooling,  and  critical  temperature.  Solid  steel 
disks  in  helicopter  applications  have  been  operated 
successfully  at  an  energy  dissipation  rate  ED  of  25 
Blu/in.'-min.  The  referenced  area  is  the  swept  area 
under  the  ruck.  The  energy  to  be  dissipated  is  the 
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kinetic  energy  of  the  rotor  at  time  of  brake  applica- 
tion less  any  applicable  rotor  aerodynamic  decay  in- 
crement. Wear  life  for  common  brake  puck  materials 
is  dependent  upon  surface  temperature,  pressure,  and 
velocity.  Existing  rubber-asbestos  lining  materials 
have  demonstrated  wear  rates  of  approximately 
0.0004  in.’/stop  at  pressures  of  240  lb/in.:  for  mean 
rubbing  velocities  of  6C00  fpm  over  20-sec  slop 
periods. 

The  second  determination  involves  the  heat  sink 
capacity  of  the  disk.  For  stops  on  the  order  of  20  to 
30  sec,  steel  disk  thicknesses  in  excess  of  0.5  in.  offer 
little  help  in  reducing  peak  surface  temperatures  at 
the  end  of  a stop  due  to  the  limited  thermal  con- 
ductivity of  steel.  Current  systems  operate  well  with 
values  ot  energy/pound-  of-disk  near  100,000  ft-lb/lb 
with  peak  disk  rim  temperatures  of  about  500° -bOO 
°F. 

Other  materials  such  as  beryllium  and  carbon 
graphite  recently  have  been  employed  with  relative 
success  for  brake  applications.  The  greatest  improve.  • 
ntent  seems  to  be  available  with  a configuration 
which  uses  a proprietary  low  modulus  structural 
graphite  composition  for  both  the  disc  and  puck 
lining  msiciiul.  A beryllium  heat  shield  is  ureti 
between  the  graphite  lining  and  the  hydraulic  slave 
cylinders.  The  saddle  or  caliper  assembly  l.  fabri- 
cated from  aluminum.  Such  brakes  have  been  suc- 
cessfully constructed  and  tested  with  disc  thicknesses 
to  1/5  in.,  puck  diameters  of  5 in.,  and  disc  dia- 
meters of  18  in.  Considerable  increase  in  eneigy 
storage,  allowable  operating  temperature,  and  wear 
life  has  been  demonstrated.  Safe  disc  temperatures  of 
3000°F  (incandescent  white  light)  and  a thermal 
capacity  of  300,000  ft-lb/lb  of  graphite  ere 
characteristic  of  the  design.  Approximately  20%  of 
the  total  stopping  energy  is  dissipated  in  ablative 
wear.  The  puck  material  also  serves  as  a hr  at  sink  and 
may  be  considered  in  the  thermal  design  capacity 

The  advantages  due  to  these  characteristics  seem  to 
indicate  that  weight  savings  on  the  order  of  50%  and 
wear  life  increases  of  800%  relative  to  conventional 
steel/  rubber-asbestos  systems  are  obtainable.  These 
factors  are  probably  sufficient  to  offset  the  initiai 
Vugh  cost  to  the  extent  that  a life  cycle  cost  reduction 
can  be  achieved. 

Disadvantages  lie  in  initiai  costs  and  structural 
limitations  of  the  graphite  material.  Although 
ballistic  impact  characteristics  are  satisfactory  and 
handling  damage  susceptibility  is  relatively  low, 
graphite  cannot  compare  with  steel.  Through  bolt  or 
spline  attachments  cannot  be  used  for  the  graphite 
disc  — a high  pressure  squeeze  plate  or  friction  drive 
attachment  is  required.  Similarly,  the  disc  cannot  be 


drilled  locally  to  achieve  dynamic  balance  require- 
ments. However,  a steel  reinforcing  ring  may  be  used 
for  this  purpose.  The  structural  graphite  material 
costs  about  S400/lb  as  of  this  writing  (1975)  future 
costs  may  be  significantly  less  with  adequate  produc- 
tion volume. 

4-2.3  ST  ATIC  COMPONENTS 

Static  or  nonrotating  components  of  the  trans- 
mission and  drive  system  include  the  gearbox 
housings,  liners,  quills,  mounts,  studs,  and  dowels 
that  serve  to  enclose  and  support  the  dynamic  com- 
ponents. This  paragraph  addresses  only  the  most 
significant  components;  i.e.,  cases  and  housings,  and 
quills. 

4-23.1  Cases  and  Housings 

Helicopter  gearbox  cases  mid  housings  are  fabri- 
cated almost  exclusively  from  lightweight  aluminum 
alloys  and  castings  and  forgings  or  from  magnesium 
sand  castings  These  materials  exhibit  excellent  ther- 
mal conductivity  and  ultimate  strength-to-weight 
ratios,  are  readily  machinable,  and  in  many  in- 
stances may  be  salvaged  by  welding  and  (tress 
relieving  with  little  resultant  loss  o ' strength  propci - 
ties.  Although  the  general  approach  to  casting  and 
forging  design  is  well  covered  in  available  literature, 
certain  aspects  peculiar  to  Army  helicopter  ap- 
plications are  summarized  in  the  paragraphs  that 
follow. 

4-23.1.1  Rv'vt 

Housings  and  cases  may  be  classified  as  primary 
structural  load  paths  (rotor  masl  support  or  control 
system  reaction  member)  or  simply  as  gear  housings 

fc»i‘  whirS  pit^rntiJIv  Intijc  org  glgfilH- 
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cant.  This  distinction  is  fundamental  in  the  selection 
of  the  design  and  analysis  methods  employed.  Criti- 
cality classifications  of  castings  and  forgings  are  de- 
fined in  MIL-C-6021  and  are  interpreted  in  AMCP 
706-203. 

In  most  instances  specified  crash  load  factors  and 
limit  maneuver  loads  will  require  ultimate  and  yield 
strength  levels  in  primary  structural  cases  and 
housings  of  such  magnitude  as  to  permit  design  defr 
nition  by  static  analysis  at  opposed  to  fatigue  analy- 
sis. Fatigue  analysis  wilt  be  used  to  define  only  the 
rotor  control  reaction  portions  of  the  cases  and,  oc- 
casionally, the  gearbox  support  or  mounting  lugs 
when  rotor  vibratory  loads  or  dynamic  reaction  loads 
frem  ground  resonance  cr  landing  conditions  are  suf- 
ficient to  cause  concern  for  low-cycle  fatigue. 

Static  and  fatigue  test  requirements  are  outlined  in 
AMCP  706-203,  which  describes  basic  design  load 
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requirement*  of  MIL-S-8698.  The  critical  design  cri- 
tenon  generally  i*  the  satisfaction  of  the  static  test 
requirements.  Because  the  integrity  of  a casting  or 
forging  is  governed  by  the  type  of  quality  control  es- 
tablished by  applicable  drawings  and  specifications, 
it  is  imperative  that  required  static  test*  be  per- 
formed on  the  least  acceptable  specimens.  The  radio* 
graphic  acceptance  standard  A STM  E-  i 55,  as  well  ns 
other  inspection  criteria,  thet  may  be  based  upon 
these  static  test  results. 

Recent  Army  helicopter  RFP  requirements  have 
emphasized  inc  ased  crew  safety  through  more 
crashworthy  design  in  accord  with  the  recom- 
mendations of  Ref.  100.  Limit  load  conditions  are 
based  upon  +3.5  and  - 0.5  maneuver  load  factors  at 
the  helicopter  CG  and  ultimate  load  conditions  upon 
normal  load  factors  of  +20/- 10,  and  lateral  or 
longitudinal  load  factors  of  ±2C.  Combination 
loading  also  must  be  considered  as  the  simultaneous 
occurrence  of  loadings  in  accordance  with  any  of  the 
three  conditions  that  follow: 

Condition 

I II  III 

Longitudinal  ±20  ±10  ±10 

Vertical  + i0/— 5 +20/— 10  +I0/-5 

Lateral  ±10  ±10  ±20 

Where  a structural  support  case  is  of  relatively  sim- 
ple configuration,  forgings  are  pieferrcd  to  castings 
because  of  the  superior  strength-to-weight  ratio  and 
the  inherently  lower  variability  in  strength  of  the 
former. 

The  four  design  deficiencies  found  most  fre- 
quently in  current  Army  helicopter  housing  com- 
ponents are: 

I.  Insufficient  attention  to  corrosion  protection. 
Success  in  attainment  of  component  life  is 

highly  dependent  upon  a voiding  corrosion.  Housing 
designs  must  avoid  tr«|  v for  water  from  rain,  wash- 
down, or  condensation.  Open  upward-facing  traps, 
such  as  stud  or  bolt  counter  be  res  or  seal  enclosure 
cavities,  must  be  provided  with  effective  drains.  Ex- 
ternal size  of  case  joints  should  be  mismatched,  with 
the  upper  member  being  larger  so  as  to  eliminate 
standing  water.  Such  joint*  may  be  sealed  externally 
with  relative  case  by  nonnardening  fillet-forming 
compounds.  Sharp  edge*  and  surfaces  must  be 
eliminated  by  chamfering,  pointing,  or  tumble 
(slurry)  dc-buning  to  avoid  inadequate  resin  or  pa.nl 
coverage  due  to  surface  tensko  i'Tects.  Cathodic  par- 
ticles must  be  remove  j comptaviy  from  casting  sur- 
faces by  thorough  cleaning  prior  to  resin  impreg- 
nation. 

Galvanic  corrosion  protocol  in  the  form  of  resin, 
^acrylic,  or  zinc  chromate  af  should  be  used 


between  all  metals  except  those  immediately  ad- 
jacent in  the  activity  series  (MIL-STD-889).  Ex- 
cessive steady  tensile  stresses  due  to  assembly  clamp 
ing  'such  as  use  of  bolted  clevis  lugs  without  spacers) 
should  os  avoided  to  reduce  the  susceptibility  to 
stress  corrosion. 

2.  Lack  of  attention  to  differential  thermal  ex- 
pansion. Steel  bearing  clamp  nuts  and  similar  de- 
vices installed  in  magnesium  or  aluminum  threaded 
bores  often  lose  their  entire  axial  clamping  force  at 
operating  temperatures.  Such  applications  either 
must  have  an  initial  deflection  that  is  greater  than  the 
amount  of  thermal  relaxation  or  else  threaded  steel 
liners  must  be  inserted  in  the  case  bores.  Static 
bearing  and  hoop  stresses  should  be  checked 
throughout  the  possible  ambient  temperature  range 
(normally  --65°  to  +300eF)  when  steel  and  light 
alloy  cases  arc  joined  with  piloted  flanges.  Them  tally 
fit  steel  liners  in  alloy  vases  should  have  a nominal 
300“  F interference  and  the  bore  of  the  light  alloy  ring 
section  surrounding  the  liner  also  should  show  a 
positive  margin  on  limit  stress  at  -65*F.  Where  steel 
bearings  are  installed  in  the  liner,  their  line-to-linc  fit- 
up  temperature  and  outer  ring  cross  section  must  be 
considered  ir.  calculating  limit  stress.  The  hoop  ten- 
sion in  the  housing  bore  fiber  at  -65“F  ass  ming  the 
bearing  tit  is  line-to-linc  at  a temperature  of  +?2aF 
may  be  taken  as: 
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a « bearing  outer  ring  bore.  in. 
b ■ bearing  OD,  in. 

c * liner  OD(:tccl),  in. 

d * light  alloy  faction  OD,  in. 

C » Young's  modulus,  psi 
a *»  linear  coefficient  of  thermal  expansion, 
in./in.-*F 

n ~ Poisson’s  ratio,  dimensionless 
Subscript  I - steel  properties 
Subscript  2 - light  alloy  properties 
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3.  Improper  attention  to  joint  and  fastener  re- 
quirement*. Sufficient  flange  thickness  must  be  pro- 
vided to  distribute  loads  uniformly  among  the  pre- 
loaded  tension  fastener*  (bolts  or  studs)  use  J on  case 
flange  joints.  Fastener  preload  must  he  sufficient  to 
maintain  tension  at  -65‘F,  predude  strwa  reversals 
during  normal  oscillatory  loading,  and  maintain 
flange  contact  under  tension  loading  For  .woperiy 
designed  flanges  with  compatible  fastener  spadng,  a 
conservative  value  for  fastener  tension  loading  Pt  for 
moment-loaded  cylindrical  joints  is  given  by 


'•  - S53f  - *■  <*“> 

where 

M - moment,  in.-lb 
Dk  “ bolt  circle  diameter,  in. 

N « number  of  bolts  or  studs  (equal  spacing 
assumed) 

The  yield  and  ultimate  strengths  given  in  MIL- 
HDVK-3  for  standard  AN  studs  represent  the 

Huiynum  vtluM  obiiiaad  with  {VOpj?  iMUljalwMi 

However,  manufacturing  characteristics  often  have  a 
more  deleterious  effect  upon  the  installed  strengths  of 
rm alter  AN  studs  than  upon  larger  tiat.  Even  with 
practicable  pcqxsdsuiitfity  lor  tapped 
holes,  the  combined  effects  of  taper  and  squareness  of 
joints  may  indue  bending  load*  such  that  3/t~m. 
aeries  studs  demonstrate  tensik  failure  at  90%  of 
handbook  mutimum  values.  The  significancr  of  this 
is  probably  better  demonstrated  by  the  fact  that 
typical  7/16-ta.  dumelcr  studs  usually  demonstrate 
double  the  iw&efkd  tensik  strength  of  ouanparabk 

4 mmmmm  mml  « W*,»  d m (Hath  liW  •■!«»»— JkMail  mm  — Jk 

mff  w~*aa.  wnmii  a mwy  wish  «|*|rivmsisra«v  wui  nmi 

weight  penahit.  of  10%  and  23%,  respectively. 

Mind  tapped  holm  for  stud  installation  must  be 

'WtwS * 

When  torque  must  he  transferred  through  a flange 
joint,  a orque  capacity  Qj  in  the  absence  of  external 
tension  ktodr  is  given  by 

Qj  - 1^3-—^-,  Shift.  (443) 
w Drc 


Q,  ••  Rad  torque,  lb-in. 

N • number  of  studs 
D^c  « huh  deck  diameter,  in. 

*>»  • etud  pitch  diameter,  ia. 

Bwyoad  this  velar,  gowsh.  key  if  or  other  mechanical 
locking  deviom  should  he  used  to  prevent  bending 


and  shear  loading  of  the  studs.  Although  it  is  com- 
mon to  consider  stud  shear  strength  in  determining 
ultimate  joint  strength,  this  lector  should  not  be 
relied  upon  for  normal  design  torque  analysis. 

The  jokf  configunumn  theoretically  necessary  to 
most  the  strength  requirements  having  been  de- 
termined, it  becomes  imperative  to  assure  ccn> 
putibk  deter)  design  of  the  machined  surfaces  for  the 
fastener*.  Fracture  resistance  as  well  as  fatigue  con- 
siderations requite  careful  attention  to  seemingly  less 
significant  dated.  Generous  fillet  radii  must  be  pro- 
vided in  spotted,  counterbores,  and  keyway i.  All 
afeup  comers  must  be  chamfered,  and  feather  edges 
must  be  removed  to  minimus  strew  concentration. 
Smooth  blending  of  intersections  on  critical 
machined  surfaces  is  also  is  senary  to  minimise  stress 
concentration.  Additionally  the  oounterbore  or  spot- 
face  aim  must  be  adequate  to  provide  ivrt.jch  dear- 
sue  for  normal  maintenance  operations. 

4.  Failure  to  conskta  deflection  and  loading  in 
contiguous  structure.  Many  record  instances  of  gear- 
box mounting  lug  failure  are  sttributabk  to  ex- 
ternally induced  load*  that  were  ignored  in  the  design 
aaatysic.  The  cast  gearbox  structure,  wh.  '»  often  it 
suffer  than  the  airframe  structure  to  wnica  it  is 
mounted,  may  provide  a load  path  for  bending  and 
foe  torsion  reactions  peasant  in  the  airframe  structure 
due  to  landing  gear,  rotor  thrust,  or  vibratory  re- 
sponses. Examples  are  the  attachment  of  a four  lug 
ajasmoty  gearbox  to  a deck  structure  that  has  verti- 
cal tending  modes,  ot  the  similar  mounting  of  hi  in- 
termediate gearbox  on  tail  boom  structure  that  un- 
detgoes  torsional  deflections  with  large  tail  rotor 
pitch  iaputa.  llecauM  h ia  daokabk  to  obtain  tlw  safe- 
ty inherent  with  mountieg  redundancy,  it  it  usuaHy  a 

orwv^  steriMtan  mad  tamer  In  nrmi  *4n  gynnlty  Miltaamj  «|r. 

frame  structure  locally  or  i > introduce  adriitkmal 
compliance  at  one  or  roof.  gearbox  attachment 
points  by  use  of  elastomeric  members.  beefing  up  the 
past  box  oflcu  merely  modifies  the  failure  anode. 

44J.U  Materials  and  Prereeast 

Magnesium  has  fatten  into  disfavor  compared  to 
atumktum  for  cases  and  housings  because  shortening 
of  service  life  due  to  corrosion  has  become  a 
significant  nteintmtincs  and  spares  replacement  ex- 
pense to  the  Army,  jncausc  magnesium  is  w.  sdk 
with  respect  to  all  other  metala.  failure  to  employ 
adequate  design,  procan,  and  preventive  main- 
tenance measures  has  caused  an  overemphasis  of  the 
daflciancire  of  the  material.  Bare  magnesium  ac- 
tually is  affected  less  by  exposure  t«  marine  at- 
mosphere than  u unprotected  mdd  steel  (Ref.  101). 
However,  corrueton  of  megnesjum  alloys  can  be 
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avoided  successfully  only  if  the  designer  and  fabri- 
cator follow  the  complete  sequence  of 

1.  Design 

2.  Cleaning 

3.  Chromating  or  anodic  film  application 

4.  Surface  sealing  or  impregnation 

5.  Painting 

6.  Assembly 

7.  Routine  preventive  maintenance. 

The  most  frequently  occurring  inadequacies  in  recent 
Army  experience  involve  design  and  maintenance. 

Aluminum  alloys  should  be  used  in  areas  of  high 
susceptibility  to  corrosion.  Ref.  46  reports  the 
replacement  rate  for  AZ9I  magnesium  main 
iransm:  ion  case  at  UH-1  overhaul  as: 

Top  caw  — 16.0% 

Main  caw  — 1.7% 

Support  case  — 2.3% 

Sump  case  — 2.$% 

QuiUs  — 1 .0% 

In  the  case  of  replacements  of  the  top  case,  I /3  were 
attributed  to  improper  protection  of  hare  surfaces 
during  shipment  after  removal  of  the  main  rotor 
masL  and  2/3  to  in-service  corrosion.  The  relative  re- 
placement rates  suggest  that  the  environment  in 
which  only  the  top  case  operates  is  particularly  con- 
ducive to  corrosion.  Aluminum  alloys  with  high 
silicon  content  (6  to  12%}  have  been  found  to  be  su- 
perior to  other  aluminum  alloys  and  magnesium 
alloys  with  respect  to  wear  resistance.  Properly 
designed  splines  of  these  materials  will  exhibit  negli- 
gible wear  when  operating  with  floating  steel  mating 
splines.  Magnesium  and  aluminum  alloys  commonly 
usad  in  helicopter  housings  and  cases  are  listed  in 
Table  4-6. 

Tjw  wwriffii*al Lrm  rtf  oA_^nel  Inait  Kara  in  Huainrietn^ 

areas  can  insure  the  highest  allowable  strength 
propci  ties.  The  use  of  MIL-A-2I1I0  control  speci- 
fications rather  than  those  of  QQ  A -60 1 generally 
will  insure  23%  higher  allowable  fatigue  strength,  al- 
though the  coat  may  be  20  to  30%  greater.  The  poten- 
tial weight  savings  way  be  as  high  as  40%  if  sU. 
strength  defines  the  design  and  provided  that  mini- 
mum wall  section  restrictions  we  not  imposed.  The 
tensile  properties  of  many  aluminum  forging  alloys 
may  be  improved  by  cold  working  or  mechanical 
aras  relief  (Rtf.  102). 

Procurement  and  process  specifications  for 
castings  and  forgings  are  defined  in  MIL-C402I . The 
detail  design  drawing  must  require  the  following 
processing  and  nondestructive  test  (NDT)  inspection 
procedures  as  a minimum: 

I.  Impregnation.  Thermosetting  polyester  mains 
pw  MLL-STD-276  are  recommended  for  casting  im- 


pregnation. Vacuum  processing  is  essential  to  remove 
gas  bubbles  from  casting  pores  and  to  permit  good 
resin  permeation.  Leak  checks  may  be  aerostatic  or 
hydrostatic,  although  the  former  is  preferred  for  sen- 
sitivity and  cleanliness. 

2.  Radiographic  inspection.  Radiographic  in- 
spection is  required  in  accordance  with  MIL-STD- 
432.  The  detail  drawing  must  call  out  x-ray  views  and 
should  include  a stress  diagram  to  assist  in  de- 
termination of  techniques  and  interpretation^  to  be 
employed.  The  x-ray  technique  should  be  able  to 
resolve  2%  of  the  thickness  being  examined.  Film  in- 
terpretation is  based  upon  discontinuity  gradations 
as  defined  in  ASTM  E-155. 

3.  Surface  crack  inspection.  This  must  be  t. 
compltshed  by  fluorescent  penetrant  techniques  as 
defined  in  MIL-I-6866  and  MIL-I-23I3S.  Inspection 
must  be  performed  after  forging,  final  heat  treating 
or  aging,  cold  working,  stress  relieving,  grinding, 
welding,  and  machining,  but  before  polishing, 
tumbling,  shot  pecning,  plating,  resin  impregnation, 
or  painting. 

4.  Hardness  inspection.  All  castings  and  forging 
Should  he  chocked  for  hardness  hy  the  standard  500 
kg  Brineii  (or  equivalent)  method  to  ascertain  that 
full  heat  treating  and/or  solution  aging  has  been  ac- 
complished. This  inspection  must  be  performed  prior 
to  shot  pecning.  plating,  or  painting. 


4-JJJt  Qefifia 

External  and  internal  quills  frequently  arc  used  to 
house  a gear /bearing  subassembly  to  facilitate  modu- 
lar maintenance  techniques  and  reduce  the  complexi- 
ty of  the  primary  gearbox  housing.  Problems  typical- 
ly encountered  in  helicopter  applications  «rc 
associated  with  excessive  wear  or  high  temperature 
creep  of  the  housing  bore  that  accepts  the  quill.  The 
primary  cause  of  wear  is  the  use  of  material  com- 
binations that  permit  differential  thermal  expansion 
with  looseness  becoming  excessive  at  operating 
temperatures.  Combinations  that  tighten  at  elevated 
temperatures  alleviate  this  problem  while  retaining 
ease  of  assembly  at  room  temperatures.  However,  the 
thermal  stress  effects  at  -63°F  also  must  be  con- 
sidered (par.  4-2.3. 1 . 1)  to  assure  that  the  material 
yield  strength  is  not  exceeded.  Because  steel  liners  fre- 
quently arc  used  in  light  alloy  quills,  the  solution 
must  be  extended  to  consider  the  effects  of  four  con- 
centric rings  with  respact  to  their  individual  tolerati- 
on®, material  strengths,  fit-up.  and  thermal  ex- 
pansion coefficients.  Sealant  compounds  always 
should  be  used  at  external  quiU-housing  joints  to  pre- 
vent water  entrapment. 
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TABLE  44.  HEUCOTTEB  TOANdMiSSION  CASE  MATERIALS  AND  APPLICATION  DATA 


MATERIAL  DESIGNATION 

PROPERTIES.  APPLICATION,  AND  RESTRICTIONS 

A356  CAST 

MOST  FREQUENTLY  USED  AL  CASTING.  EXCELLENT 
CASTABILI1Y,  BEST  CORROSl  ON  RESIST  ANCE.  HIGHEST 
DUCTILITY.  LOSES  STRENGTH  ABOVE  250°  F.  GOOD 
WEAR  PROPERTIES,  BEST  CASTING  FATIGUE  STRENGTH 

A 357  CAST 

SAME  AS  356  BUT  +11%  4 17%  Sty 

</> 

6 

—i 

249  CAST 

BEST  S,u  AND  Stv  ABOVE  350°  F.  POOR  WEAR.  $tu  20% 
ABOVE  357.  CORROSIONAND  FATIGUE  PROPERTIES 
POORER  THAN  357 

3 

z 

5 

224  CAST 
(AMS  4226) 
5083  FORGED 

GOOD  BALLISTIC  PROPERTIES.  RELATIVE  TO  A 357 
Stu  UP  10%,  Sw  DOWN  7%.  FATIGUE  STRENGTH  LOWER. 
WEAR  AND  CORROSION  SAME  AS  249 

XA20I.0  CAST 
(AMS  4229.  KO-1) 

BEST  Sju  AND  S,y  BELOW  350°  F.  CASTABILITY.  WEAR. 
AND  FATIGUE  ALL  POORER  THAN  A357 

2014  FORGED 

MOST  FREQUENTLY  USED.  FATIGU^  Stu,  S,^  AND 
FORGEABILITY  ALL  GOOD. CORROSION  GOOD,  WEAR 
POCR 

4032  FORGED 

BEST  WEAR  PROPERTIES,  FATIGUE  LESS  THAN  2014 

AZ91  CAST 

MOST  FREQUENTLY  USED . GOOD  CASTABILITY . 
LOSES  STRENGTH  ABOVE  250°  F 

t/7 

>- 

o 

AZ92  CAST 

S,y  HIGHER  THAN  AZ91.  OTHERWISE  SIMILAR 

d 

< 

3 

is 

S 

< 

s 

2E41A  CAST 

EXCELLENT  CASTABILITY.  AVERAGE  S,u  AND  S, 
HIGHER  THAN  AZ92.  EXCELLENT  STRENGTH 
AT  HIGH  TEMPERATURES.  RADIOGRAPHIC  INSPECTION 
DIFFICULT 

OE22A  CAST 

BEST  HIGH  TEMPERATURE  PROPERTIES  RELAY  1 Vt  TO 
A291.  S,u  UP  9%«bStv  UP  6?%.  EXC&LENT  CASTABILITY. 
RADIOGRAPHIC  INSPECTION  DIFFICULT 

S,„  - ULTIMATE  TENSILE  STRESS,  psi 
S,y  - YiBLD  TENSILE  STRESS,  psi 
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434  SPECIAL  CONSJDKRATIONS 

Although  many  special  disciplines  affect  detail  de- 
■gn  wsom,  recent  sxp*.  ue**x  indicates  that  two  of 
pmaarff  importance  are  vibration  control  and  diag- 


434.1  VlrKsa  Cease! 

Drive  system  torsional  dynamics  arc  treated  in  par. 
3-5,  AMCP  704-301,  while  additional  considerations 
of  engine  governing,  overlap,  aad  damping  arc  de- 
tailed is  par.  1-7.  This  paragraph  addresses  prob- 
lems aaactfd  with  component  raecaaat  vibration. 


particularly  as  it  affect*  gear  members.  Recent  Army 
helicopter  RFP  specifications  have  stated  that  gear 
resonant  frequencies  ah all  be  a minimum  of  30% 
away  from  the  design  continuous  operating  speed. 
While  this  may  be  impossible  to  achieve  with  some 
gears  when  all  vibration  modes  are  considered,  the  in- 
teut  may  be  satisfied  for  the  potentially  dangerous 
modes.  As  an  alternative,  sufficient  damping  may  be 
employed  to  render  such  ruonant  frequencies  harm- 
best  i.c.,  the  vibratory  stresses  will  be  safely  below  the 
endurance  limits  for  the  structure. 

As  increasing  design  speeds  for  drives  have  re- 
sulted in  pitch  bee  velocities  above  10,900  fpm.  many 
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fatigue  failures  occurred  that  initially  were  attrib- 
uted to  dynamic  tooth  loading.  However,  in- 
vestigation revealed  that  the  fatigue  nucleations 
usually  were  Iocs  ed  in  the  bottoms  of  the  tooth  roots 
or  on  the  insides  of  the  back-up  rim.  The  crack 
propagation  generally  was  radial  rather  than  across 
the  tooth  base,  resulting  in  the  loss  of  a large  seg- 
ment of  the  gear  rather  than  a single  tooth.  Such 
failures  are  typical  of  resonant  conditions  in  which 
the  tooth  meshing  frequency  or  one  of  its  harmonics 
coincides  with  a particular  natural  vibration  mode  of 
the  gear. 

Lightweight  gear  designs  for  helicopter  use  often 
will  exhibit  various  types  of  vibratory  modes,  such  as 
with  radial  nodes  or  circular  nodes,  singly  and  in 
combinations.  Typical  vibration  modes  for  a thin 
web  spur  gear  with  integral  lhaft  arc  given  in  Ref. 
103.  Generally,  the  mode  of  concern  is  that  involving 
radial  nodes  that  put  the  gear  rim  into  axial  wave- 
form vibration.  The  lower  orders  (say,  up  to  the  fifth 
diametral  mode)  are  more  likely  to  involve  higher 
amplitudes  and,  hence,  higher  oscillatory  bending 
stresses.  However,  relative  resonant  response  ampli- 
tudes for  constant  forcing  input  intensity  at  various 
discrete  resonant  rrequerna©!  vary  enormously  with 
gear  blank  configurations.  One  gear  blank  miy 
respond  meat  to  a third  diametral  mode  frequency 
while  another  to  the  fifth.  The  flange,  web,  and  hub 
design,  all  influence  this  relationship  as  well  as  the 
ratio  of  higher  order  resonant  frequencies  to  the  fun- 
damental. The  resonant  frequencies  arc  best  de- 
termined by  experimental  bench  test  techniques  using 
only  the  gear  in  question.  Excitation  can  be  by 
mechanical  shaker,  acoustical  siren,  or  elcctro- 
magneticalty  by  an  induction  coil  mounted  very  near 
the  rim  surface.  Excellent  visual  determination  of 
resonant  response  mey  be  accomplished  with  sand 
pattern  techniques  if  the  gear  web  is  of  suitable  con- 
figuration. in  other  instances,  nodal  and  antipodal 
zoom  he  clearly  deuxte  J by  manual  probi  ig  of 
the  rim  ac4  veb  surfaces  with  a lightly  hand  held  soft 
steel  rex!.  A vdible  detect  m is  also  sufficiently  precise 
for  resonant  frequency  identification,  although  a 
microphone  feedback  coupled  with  a radially  op- 
poatd  input  from  the  exciter  into  an  oscilloscope  n 
required  to  produce  JJssajou  patterns  necessary  to 
distinguish  between  fundamental  and  overtone 
responses.  Magnetic  sensors  may  be  used  for  the 
feedback  phasing  signal  with  equal  ease. 

When  resonance  vibration  amplitudes  are  suf- 
ficient to  produce  significant  stress  levels,  the  most 
practical  quantitative  evaluation  can  be  made  by  at- 
taching strain  gagas  to  appropriate  antinade  regions 
of  the  run  and  web.  Tbs  higher  rangy  level  resonance 
\ 
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frequencies  readily  may  be  identified.  In  many  in- 
stances, designs  will  exhibit  very  low  vibration  due  to 
the  favorable  mass  and  stifTness  configurations  of  the 
flange,  web,  and  hub,  and  therefore  will  not  produce 
a detectable  strain  gage  output.  Considerable  input 
energy  may  be  required  for  a realistic  determination. 
Although  actual  operation  in  the  transmission  is  the 
final  arbiter  the  acoustical  siren  generally  will  pro- 
duce sufficient  input  to  get  the  job  done. 

Audible  detection  also  is  sufficiently  precise,  al- 
though a microphone  feedback  coupled  with  ortho- 
gonal axis  input  from  the  exciter  into  at.  oscilloscope 
is  required  to  produce  Lissgjou  patterns  in  order  to 
distinguish  between  fundamental  and  overtone 
responses.  The  observed  standing  waves  arc  the 
product  of  a forward  and  backward  traveling  (with 
respect  to  rotational  velocity)  waveset.  If  the  gear  is 
rotating  at  a given  speed  w,  two  resonant  frequencies 
are  observed  for  each  static  fundamental  radial  vibra- 


tion  mode: 

Forward  wave  natural  frequency 

f/mfo+  «w/2.  Hz 

(4-64) 

IS  toward  wave  natural  frequency 

ft  - /»  - Hz 

(4-65) 

where 

J0  - static  resonant  frequency,  Hz 
«i  **  number  of  radial  nodes 

u * rotational  speed,  Hz 

A graphic  presentation  of  the  phenomenon  is  con- 
tained in  Fig.  4-34.  The  fundamental  radial  node 
static  resonant  frequencies  arc  designated  on  the 
ordinate  by  the  number  of  their  radial  nodes.  The  ab- 

irttia  » mtgtinngj  irwirf  m rfjaliyf  In  normal  nppra. 

ting  speed  The  inclined  line  represents  the  gear 
tooth  meshing  frequency  for  a 41-tooth  pinion 
driving  at  a normal  speed  of  20,000  rpm.  Note  that 
the  forcing  function  represented  by  the  pinion  tooth 
mesh  intercepts  the  forward  traveling  8 node  vi- 
bration near  ground  idle  speed,  the  backward  wave 
from  the  10  node  at  about  83%  speed,  the  forward  10 
node  wave  at  near  normal  operating  speed,  and  the 
backward  12  node  wave  at  overspeed.  TUe  8.  10.  and 
12  node  vibrations  are  all  potentially  hazardous. 

Eves  if  it  were  dsmomtrated  that  the  cyclic  stresses 
were  below  the  material  endurance  limit,  ob- 
jectionable acoustical  energy  radiation  would  occur 
at  these  intercepts.  SteicMgn  of  the  shape  and  mass  of 
the  gear  is  not  very  practicable  in  this  example 
because  a 25%  change  in  gear  rim  and  web  thick- 
iksui  effects  a maximum  change  of  8%  in  resonant 
frequency  for  a specific  design  (Ref.  !&<). 
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Tbc  illustrated  situation  tints  demands  the  intro- 
duction of  sufficient  damping  to  reduce  the  vibrrtion 
significantly.  The  spiral  dumper  ring  or  snap  rin|  as 
shown  in  Fig.  4-33  has  proven  to  be  effective  in  many 
tnaUnces,  producing  damping  ratios  of  0.04  to  0.10 
with  a resultant  reduction  of  cydic  resonant  stress  to 
30-40%  of  the  undamped  magnitudes. 

AlthvV^  ?«iUssjwi»  m isvinu  iwwwuuOii 

otlmr  tyk  m of  damping  (viscoelastic)  a**d  torsional 
absorbers  have  been  evaluated  with  partial  success  in 
hsiioopter  transmissions.  Certain  viacoeiastk  dam- 
ping traotments  have  been  shown  to  reduce  some  gear 
vibration  mode  amplitudes  by  30%  (Ref.  10$). 

444J  Dinpi— tlci 

Many  cockpit  indicators,  warning  Ugiu*.  and  gages 
fit  ths  general  definition  of  diagnostic  aids.  Recent 
Army  RI  P specifications  include  indications  for  oil 
pressure  and  temperature,  lew  pressure  warning,  high 
temperature  warning,  oil  quantity,  and  chip  de- 
tection. Additional  ground  inspecta*  techniques 
routinely  include  impending  oti-ftHer%yp«g  warning 
fag*,  oil  lank  age  checks,  visual  and  aurai  faikne  de- 
terti-a  and  locathw,  and  oil  sam.hng  for  speciio- 
graphic  analyse.  However,  these  a sthods  by  them- 
sebws  have  proven  inadequate  to  allow  the  wide- 
spread ase  «f  safe  and  cost-effective  conditional 
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maintenance  on  existing  Army  helicopter  drive  sub- 
systems. To  u latge  extent,  the  missing  ingredient  is 
thorough  and  comprehensive  consideration  of  these 
techniques  in  the  initial  design  and  development  test 
phases. 

Safe  and  cost-effective  implementation  of  con- 
ditional maintenance  methods  requires  thorough 
definition  and  accurate  use  of  early  failure  detection. 
diagnosis,  and  prognosis  as  defined  in  Ref.  106. 
Major  efforts  underway  in  Army-sponsored  pro- 
grams are  aimod  at  reducing  the  time  required  for  de- 
tection and  at  improving  scheduling.  This  philosophy 
remits  in  scheduling  of  unscheduled  maintenance 
provuted  that  experience-brand  judgments  arc  avail- 
able concerning  the  severity  and  rate  of  progremion 
of  the  dteacted  failure. 
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Detection  methods  may  be  classified  as  related  to 
the  internal  oil  system  or  external  to  the  oil  system, 
and  include: 

1.  Oil  system  dependent: 

a.  Spectrographk  oil  analysis 

b.  Electronic  or  electro-optical  oil  monitoring 

c.  Oil  filter  differential  pressure 

d.  in-line  electrical  resistance  filter  grids 

e.  Electric  chip  detectors 

f.  Magnetic  chip  collector  plugs. 

2.  Independent  of  oil  system. 

a.  Noise  analysis 

b.  Vibration  monitoring 

c.  Temperature  measurement. 

Spectrographic  oil  analysis  has  proven  expensive 
and  relatively  unreliable  because  poor  correlation 
exists  between  failure  severity  and  detection.  Little  is 
actually  known  concerning  failure,  therefore,  diag- 
nosis and  prognosis  tire  impassible. 

Oil  monitoring  remains  in  the  evaluation  stage: 
some  techniques  have  proven  totally  useless  while 
others  show  some  promise. 

Oil  filter  differential  pressure  can  be  correlated 
quiif  well  wiili  failure  progression  rate  of  bcari.:gs 
when  the  rate  of  change  of  differential  pressur  is 
examined.  Usefulness  of  this  system  is  compromised, 
however,  by  the  accumulation  of  normal  wear,  dirt, 
and  contamination  parUcbx.  Visual  inspection  of  the 
filler  element  debris  by  e.  pcrienced  technicians  can 
determine  the  generic  failure  mode  but  not  the  lo- 
cation. 

Filter  grids  are  best  employed  in  a fashion  rirni'ar 
to  use  of  oil  monitoring.  The  baric  difference  is  Hurt 
the  filter  grid  paiues  smaller  conum. inaru  particles, 
hopefully  retaining  only  the  lacger  metal  failure 
Hokes  The  pnaw/itags  of  gnd  oogguig  is  delected 
and  may  be  converted  electrically  to  a rate-of-clunge 
display. 

Chip  (ictectious  have  been  used  extensively  in 
Army  helicopters  for  two  decodes.  The  debris  par- 
ticks  are  captured  a-agnctkuUy  to  bridge  electrical 
contact  points,  which,  in  turn,  tmtgi « a caution 
tijgbt.  The  usefulness  of  this  method  is  dependent 
upon  the  location  of  the  detecta  and  the  resulting 
arc*  action.  Failure  indication  often  results  from  the 
alow  accumulation  of  aom&t  wear  debris,  and  aU  too 
often  the  crew  progticsu  results  in  e tjtiisicn  abort  to 
investigate  the  cause. 

Use  of  collector  plugs  emphasizes  an  attempt 
at  better  diagram  in  that  generally  a Sargii  number  of 
plugs  with  greater  dcbm  storage  capacity  arid  no 
ckcuiavl  caution  panel  tight  are  uatd  to  aid  in  locsli- 
aation  of  a failure  to  a specific  area  or  module.  In- 
spection is  accomplished  at  daily  ot  periodic  inter- 
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vals  and  sufficient  debris  collection  is  usually  prertnt 
to  permit  an  experienced  technician  to  identify  the 
failure  mode.  Good  success  has  been  claimed  for  such 
a system  on  commercial  air  carrier  fleets,  but  access 
in  helicopter  adaptation  it  completely  dependent 
upon  wdi-designed  installations  that  entrap  and 
localize  failure  debris,  convenient  and  accessible  de- 
tector locations,  and  experienced  technicians  to  cor- 
relate findings  with  other  available  diagnostics  and  to 
schedule  maintenance  accurately. 

Vibration  monitoring  and  noise  analyst  differ  only 
in  the  sensing  technique*.  Accelerometers  or  other 
forms  of  contacting  vibration  seniors  measure  vi- 
bration, while  microphone  sensors  measure  noise. 
Substantial  research  and  development  efforts  are 
being  made  on  these  systems.  Rudimentary  go-no-go 
sysUms  with  a warning  threshold  signal  requiring 
engine  shutdown  have  long  been  used  in  turbine 
engine  installations.  The  real  challenge  lies  in  the 
electronic  signal  processing  and  its  conversion  into  an 
identification  and  quantitative  assessment  of  the 
failure  mode.  Signal  analysis  is  being  investigated  by 
such  techniques  as  suto-cor relations,  Fourier  trans- 
form iualjfiii,  jw'iin  iptuiil  UHiiit;  >*«win«iuri, 
cross  power  spectra)  density,  amplitude  probability 
distribution,  and  real  time  classification  of  wave- 
form by  convolution  of  other  techniques  (Ref.  107). 
The  operational  success  of  any  such  system  is  de- 
pendent upon  iu  ability  to  isolate  the  faulty  com- 
ponent signature  from  the  background  created  by 
other  internal  and  external  forced  and  resonant  vi- 
brations, rid*  bands,  and  beat  frequencies,  at  an 
earlier  time  titan  the  chip  detector,  and  to  remain  on- 
line to  monitor  the  rate  of  progression  of  failure  of 
the  particular  component.  Only  in  this  manner  can 
the  remaining  useful  safe  life  be  predicted,  and  main- 
tenance scheduled  wisely.  The  ultimate  goal  of  these 
programs  is  automatic  identification  and  prognosis 
as  well  a*  detection.  This  goal  requires  compre- 
hensive test  data  on  all  failure  modes,  both  in- 
dividually and  in  combination,  along  with  improved 
sensor  reliability  and  an  analysts  system  having  a 
minimum  reliability  an  order  of  magnitude  greater 
than  that  of  the  drive  system  being  monitored. 

TemperaLurc  measurement  systems,  limited  at 
present  to  relatively  integrated  bulk  temperature 
measurement,  addons  can  detect  other  than  very  ad- 
vanced (virtually  emergency  condition)  failures. 
Capability  improvement  roquiret  « multitude  of  in- 
dividual component  eansorr  combined  with  rr  ta-of- 
changc  analysis  corrected  for  base  fine  variation  in 
bulk  environment  uwaperauiut. 

Rapid  improvements  iu  di^ncvtks  for  helicopter 


drive  subsystem!  arc  dspenskiH  largely  upon: 

1.  Improved  initial  design: 

a.  Failure-forgiving  (vui^r.  techniques  ss 

defined  in  pnr.  4-12  ! . 2 

^ b.  Integration  of  necessary  dujjtHxtfk.  aids  wvd 
nbor  provisions  into  the  ori^nsl  design. 

2.  Redirected  development  testing  effort 

a.  Soaking  out  of  failure  inodes  as  discussed  in 
par.  4- 1.4. 4 ^n. 

b.  Compilation  of  progression  rate  data  and 
correlation  with  deration  level. 

3.  Implementation  or*l*roeedure*  for  efiective 

prognosis 

a.  Determination  of  saichuduei  operating 
times  for  failed  composin' t,  baWSstjov-crpowa 
operation  to  provide  additiwul  safety  rnksgins 

b.  Determination  of  impact  of  socifcqUry 
failure  modes  from  exoessive  continued  operation: 

4-3  DRIVE  SHAFTING  AND 
INTERCONNECT  SYSTEMS 

In  a helicopter  triV&utniMtait  mi  drive  subsystem. 

the  driv^-stafikt*  u>  lumuprsaisil  of  «H  th*.  (shift  exta’i- 
pooenu  swoawxry  tor  the  truesfassMOft  c !'  pwtt  from 
the  Cflfciuu<a)  S«  » jffs'tibo.':  xnd  foots  a goubax  to  a 
mam  &\r  propo&a.  This  h&Iudai  drive  dtaft  tubes, 
couj.wia^s.  bearings,  sod  bewtiiq;  (It8i<#cfft). 

444  GENERAL  MQUIftEMENlS 

Sjwuik  drive  shaft  requironrais  a:v  d&tosmocd  by 
the  particular  helicopter  dcii#,.-,  includi»&  else 
ei^iiMfk;  stdectod.  iS»ft  van,  spejt.  Cu*}/.^.  hanger 
dc%  ^ and  otliu  owe^Kratox:  Afiwir  *r\  defined 
primarily  by  the  po*'«#'  rsqaireBiMfru  of  tiu;  Jy.rx.ifY.' 

laiit  mswm  infii  **»»*■• 

» mv>  Vk4«.«  «•  M*0MM  WJF  «<t  «l  iWt*/1  Wp'  ■*<SW'( 

Ikvxions  to  hr  eaouutitorsd,  vuL-au'eUitty . maiu- 
UdNWiiMiy.  vogistoc..,  uutaiufawirtfing  as,  weight. 

Cetera!  tsiguirements  for  reliabiSaty,  rosiu- 
tNj&&,ub  y.  uud  utrv.vabdity  me  ductased  in  par.  4- 
1.1k.  En  ad&tiiws  to  time  att.tactuiute  requirements 
tSuiie  «ktiM  guntisel  dWnctorislict  Lim'  features  pe 
Ctrftfl.:  to  tfet  sh&ft  festaaiitti,  tacuEisu.  and  opeating 
twMiifvtai  sputd.  Th-i  requMCHwaMt*  t|i(jkkiMt  to 
spkKifk  (haft  U.v.i'kkTtti  sue  dmcaaad  in  the  para- 
gnipht-  that  l&ft&s. . 

40.1.1  Ea^.u-to  -Tabfccmrfow. 

ItaqiritoUMMtts  pic-vLii  to  -to-  U'seuauihiiiu  n 

shafUe^t  6piu  upoi,  riuilm  loGwriniw  os  the  cx$ii«e 
•ssd  trcmunicttiNt  and  rws1fi«*w  sawsmustg  a»'Kiuus, 
e&giswj  PTO  (power-taheofV)  ty.*d  &n<£  coa- 
figxastiau,  and  PTO  loading  Sssitoiisw*- 
AkffidHW,  ntociutk^  tysttta*  gm^vsliy  «Lto*4r*>i?.t 
tiw  ncualfg.'  ataHit  awd  4$ hum tc  turisk  taoliwt  that  the 
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shafting  must  acconnnoitatc.  These  mounting 
systems  may  be  grouped  conveniently  into  three 
categories: 

1.  Engines)  mounted  dircc'Iy  to  main  gear  bon 

2.  Engine  mounted  to  airframe  with  tubular  struts., 
using  rod-end  bearings  to  relieve  thermal  and  load 
deflections;  with  the  gearbox  bolted  directly  to  the 

airframe 

3.  Engine  mounted  as  in  Item  2;  gearbox  mounted 
flexibly.  The  rotor  pylon  usually  is  integral  with  the 
gearbox,  that  is,  airframe  mounted  with  elastomeric 
springs  and  hinged  links  or  struts. 


System  I generally  uses  an  internal  splined  quill 
shaft  lubricated  with  gearbox  oil.  The  splines  mnj  be 
hardened  and  ground,  slightly  c>  osmed  c«  straight:  or 
medium  bard  and  bobbed,  shaped,  or  roll -fainted 
Wear  and  fretting  corrosion  may  be  reduced  by  shot 
peetiing  and/or  toft  plating  or  coatings  such  as  sil- 
ver, nickel,  nylon.  Teflon,  or  molybdenum  duulf.de 
dispersed  in  a bccutiug  vehicle. 

InvtoSlaakva  requirements  for  System  2 can  be  me: 
with  extoi-c.61  *fc;ifdn^  and  with  relatively 

Irxtor  on  ref  J rCe'ir 

■v.-**  m»n-«  « ij  *••  *“•  ”•  ' w » * "-,1> 

or-  tef«  to  tti.\s»Kvat«d»tc  airframe  strut* ttrs!  dr.- 


ttecticwst-  «r?d  iscMnaiiii'Ag  iola  ances.  Thcic  sdrioin  « 
ut»d  to  accastotV'.'dKSC  dynamic  axial  deflection  btfl 
vsxinticias  in  static  kugth  due  to  imtallatior. 
toterAOces.  c»d  ihe.'.’tcrsrJ  growth  of  the  engine  must  tv 
coiuiduMd  in  t be  tktft  design.  Care  must  be  taken  to 
rta»:%  that  the  suifu^iC  suucturc  provides  support  at 
tbs  engine  and  gc&rtsox  attadi  points  adequate  to 
iWJfiinue  deflection.  It  often  is  possible  to  comply 
with  uhututlc  und  auk.  loed  saveogth  requirements, 
}-a  e:,toiu»C«5r  relatively  high  defteettakii  urtdu  nor- 

w»  ra:...fv.x  -.  . *_  - .--.1  -*s  - - s : .r.  ..  .I  J 

»U«U  IVdWWl  nVMUHtVhkd-,  tV|:lAIR4  «VW4UgP4/,U  »^«/uiu 

bt  rvive:  la  tcwqvw-  tuidtsotu  and  to  ait  frame  modes. 

Aag^nr  ddketitvna  of  I d«$  or  has  easily  arc  a«- 
comt&i>&ii'ie4  by  feubic  dui;  iThoswas  type),  fiexfok 
diaphiiig^  (Efsidix  l ypej,  *ka:'  acsic.  teoskw  ck 

■sent  (Shxuder  type),  or  crowuud  i.,-oth  gear  eouph%v . 
The  first  ll  rm,  typis-  gfiaiSJaMy  preferred  tovausc 
they  ric  Kot  rcq»«.r-i  gfvnsc  or  oil  iubrieslion.  (Sett 
omqrlutg  ducvwoffi,  pec.  <5-3  2.1). 

System  3 coodtfktfu-  ofier  tbs  g.i  «ii«lkts#<  in 
ooupliag  decig-t  ctjx.itAftiiXijts.  Tiw.  0.>iialifi<tnw«t 
itojtoi'HHiatits  vwy  with  pylon  m-unt  niU'-s  ujtd 
the  gK-uiMfk  nr«3isj*4.«ti,',  of  wh.. jftt  i»«g  links  as  well 
as  with  the  ptoaiaiity  of  the  eagwe  PYO  to  the  geur- 
iKw.  i*tf;«4k.  Tbc  gnsettu  tbc  4rato*se  bckwaca  the  two. 
ibc  tox  r.  the  a%»jsur  lot'  a aivem  sus- 

pac»f^»  S/kttor.  For  n pj-tau  syatow  ww'w  fixed  pu*n«c 
fctciutt^.  o;  nuh  cnestsw,  rsd^efiosi  of  t!u:  distacstw 
fiom  thtscet^u  iu  UH,tf;uiiKai  ittjpui  fccaiKMi  kriu  re- 
- both  (tod  juris!  motion. 


...wuiMXHr.uic:  -.,  . t,  . J) . - ..  M.  _-.  » 


• *m  +{U 


► 

■\ 


'■=r 


The  an  junt  of  axial  motion  that  must  be  ac- 
commodated usually  will  determine  the  type  of  drive 
shaft  couplings  used,  Alt  known  drive  shaft  systems 
offer  a resistance  or  damping  force  opposite  to  the  di- 
rection of  axial  motion  while  transmitting  torque. 
The  maximum  acceptable  value  for  such  forces  usual- 
ly is  established  by  either  the  rotor  vibration  iso- 
lation system  or  the  engine  PTC  design  specification 
limits.  Damping  force  characteristics  for  various 
couplings  and  spline  combinations  are  discussed  in 
par.  4-3.2, 1 . 

Other  input  driveshaft  design  criteria  are  governed 
by  maintainability,  vulnerability,  and  reliability 
requirements  and  by  additional  engine  FID  design 
and  specification  limits. 

Maintainability  considerations  require  that  the 
cnginc-to-gcarbox  shaft  contain  “quick -disconnect" 
featur  *.  Ease  of  accessibility  also  is  required  to  facili- 
tate drive  shaft  inspection  and  servicing,  and  engine 
or  gearbox  replacement.  Since  these  tasks  must  be 
performed  at  the  direct  support  level,  the  absolute 
minimum  of  special  tools,  fixtures,  and  skills  should 
be  required. 

~ ^ Although  vulnerability  and  reliability  have  been 
i discussed  previously,  it  is  important  to  consider  the 
y consequence  of  drive  shaft  failure.  The  large  kinetic 
energy  of  the  input  driv  shaft  categorizes  it  as  a 
potentially  hazardous  Oi  lethal  object  should  it 
separate  at  eithc:  or  both  of  the  engines  and  gearbox 
adapters.  The  use  of  antiflail  devices.  i.c„  secondary 
components  or  structure  capable  of  capturing  a failed 
drive  shaft,  is  highly  desirable. 

In  addition  to  limits  on  axial  force  specification  at 
the  engine  PTO  pad,  allowable  moments  and  steady 
and  oscillatory  radial  leads  are  usually  specified. 
Since  engine-to-gcarbox  shaft  rotation  speeds  are  in 
the  range  60GQ-2Q.0QQ  spot,  compliance  with  the  os- 
cillatory load  limits  generally  require  kinematic  and 
dynamic  balancing  of  the  individual  dements  of  the 
drive  shaft  assembly.  When  positioning  or  locating 
tolerance*  between  mating  surfaces  of  dements  such 
as  couplings,  adapters,  and  shafts  cannot  be  con- 
trolled adequately,  it  may  become  necessary  to 
balance  the  complete  assembly  to  eliminate  excessive 
vibration. 


4-3. IJ  bearcat  met  Shafting 
An  interconnect  shaft  ty  > n for  muL  pie  main  (or 
lifting)  rotor  helicopters  transmits  power  between  the 
engine  gearbox  (or  the  coUector  gearbox  in  muhi- 
esqpac  behcopten)  and  the  main  rotor  gcarbox(ca) 
while  aba  maintaining  phase  relationship  between 
\ rotors.  Tbs  primary  considerations  for  such  an  inter 
connect  thai  system  arc  reliability  and  survivability. 


as  funciional  failure  of  the  shafting  become*  a catas- 
trophic failure  almost  immediately,  with  a collision  of 
the  intermeahing  rotoi  blades.  Achievement  of  the 
necessary  level  of  reliability  requires  detailed  con- 
sideration of  operating  stresses  and  margins  of  safe- 
ty, critical  speed  margins,  number  and  type  of  dy- 
namic component*  (such  as  bearings,  hangers, 
dampers,  couplings,  and  splines),  redundancy  in 
mountiiig  and  support  jtmeture,  and  ease  of  in- 
spection. Criticality  of  the  interconnect  system  allows 
little  latitude  for  reliability  trade-off*  and  compro- 
mise with  weight,  cost,  and  maintainability  goals. 
Optimization  of  design,  then,  must  be  in  the  di- 
rection of  minimum  number  ci parts,  low  stress  (high 
margin  of  safety),  and  h>gh  tolerance  to  ballistic 
damage.  Therefore,  the  drive  shaft  tubes  will  be  rela- 
tively large  diameter,  thin  wall,  and  long  (within  a 
safe  buckling)  length/diameter  (L/D)  ratio  and  criti- 
cal speed  limit.  Intermediate  bearing  hanger  design 
must  permit  relubrication,  with  ready  access  to  the 
whole  hanger  for  visual  inspection.  The  selection  of 
drive  shaft  tube  material  can  necessitate  further  con- 
sideration* of  axial  motion  due  to  differential  ex- 
pansion between  the  aii  frame  (generally  aluminum) 
and  «he  driveshaft  (steel,  aluminum,  titanium,  or 
composite).  Airframe  deflections  due  to  flight 
maneuvers  or  load  distribution  also  can  contribute  to 
the  axial  defections  of  the  drive  shaft.  These  de- 
flections will  necessitate  couplings  capable  of  ab- 
sorbing the  anticipated  motion.  If  axial  deflections 
are  small,  then  flexible  disk  couplings  frequently  are 
the  choke;  for  larger  axial  deflections,  the  geared 
coupling  or  ball-spline  disk  combinations  arc  better 
suited.  Under  any  specific  set  of  requirements,  the 
primary  design  emphasis  must  be  reliability  and 
ready -access  for  service  and  inspection. 

43.1  J Taft  Rotor  or  Prapeftss  Shafthq, 

The  drive  shaft  system  ixxioni  single  main  rotor 
helicopter  to  power  the  tail  or  antitorque  rotor,  spans 
between  the  main  gearbox  and  the  tail  rotor  gear- 
box. This  system  must  provide  power  to  the  tail  rotor 
from  the  main  rotor  in  the  event  of  lot*  of  drive  from 
the  engioefs).  In  normal  operation,  the  engine!*) 
drive  through  t freewheeling  dutch  to  the  main  gear- 
box. During  autorotation,  when  the  free- whirling 
unit  is  overrunning,  toil  rotor  power  is  extracted  from 
the  main  rotor  auto  rotational,  or  kinetic  flywheel,  in  • 
estia. 

Tail  rotor  drive  shafting  will  be  subfsctsd  to  severe 
transient  loads  and  cyclic  torsional  oeaMatioos  to 
wall  as  normal  steady  torque  inputs.  Torque  require- 
ments for  meat  flight  conditions  are  adena  ia 
nature,  with  maximum  steady  torque  required  during 
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bom  at  high  groat  weight.  The  total  power  required 
to  he  m ia  main  rotor  power  plus  tail  rotor  power  re- 
quired to  offset  the  main  rotor  torque,  plus  losses 
T\c  tail  rotor  atao  must  counteract  the  main  rotor  cy- 
rJic  thrust  vector  and  an  aerodynamic  drag  couple 
from  the  tail  boom.  Conventional  rotor  or  propeller 
theory,  including  an  efficiency  factor  applicable  to 
Ike  specific  tail  rotor  can  be  used  to  calculate  the 
steady  tail  rotor  torque.  However,  experience  has 
shown  that  the  transient  torque  requirements  can  be 
from  200-400%  of  the  steady-state  design  torque. 
High  levels  of  transient  torque  result  from  sideward 
flight  in  an  adverse  quartering  wind,  from  yaw  ac- 
celeration*. and  from  unusual  infk  / conditions  re- 
sulting from  combinations  of  main  rotor  downwash, 
tail  rotor  blanking  from  aircraft  structure,  and 
adverse  winds  at  hover  or  low  flight  speed. 

Transient  torque  inputs  also  can  be  introduced  to 
the  tail  rotor  drive  system  by  engine  compressor  stall, 
violent  flight  maneuvers,  rapid  throttle  movements 
(chops),  or  abrupt  engine  power  loss.  Under  such 
conditions  the  abrupt  relief  of  the  windup  of  the  tail 
r -tor  drive-shaft  combines  with  the  flywheel  inertia 
of  the  tail  rotor  and  with  secondary  effects  of  main 
r«noi  inertia  to  cause  several  cycles  of  extremely  high 
amplitude  torque  oscillations  in  the  drive  shafting. 
Although  occurring  infrequently,  this  low  cycle-high 
stress  phenomenon  can  cause  fatigue  damage  to  the 
tail  rotor  drive  system  unless  the  components  of  this 
system  are  designed  for  torsional  loads  well  in  excess 
of  the  normal  steady  power  requirements.  Transient 
design  criteria  for  the  tail  rotor  drive  stipulated  in 
MIL-T-5955  and  AMCP  706-203  are  300%  of  the 
power  required  to  hover  at  design  gross  weight  and 
density  altitude  or  130%  of  the  maximum  power  re- 
quired in  the  most  severe  maneuver  within  the  flight 
envelope,  whichever  is  higher. 

Such  requirements  are  rather  straightforward  with 
respect  to  fatigue  design  of  the  gear  teeth  and  the  can- 
tilever rotor  shaft  in  that  the  need  for  infinite  life  cri- 
teria due  to  the  high  rate  of  cyclic  accumulation 
(rotation  speed)  is  evident.  However,  with  respect  to 
the  remainder  of  the  drive  system,  where  start-stop 
cycle*,  throttle  chops  (T.R.  inertia  overruns),  air- 
borne engine  restarts,  and  yaw  control  pedal  cx- 
cunkHis  account  for  the  bulk  of  the  high  stress  cycles, 
a far  lower  frequency  of  accumulation  exists.  In  such 
instances,  past  experience  with  the  fitting  of  theo- 
retical spectrum  analysis  to  subsequent  flight  strain 
survey  results  is  rather  essential  in  efficient  design 
work.  When  fatigue  spectra  are  unknown,  a 
reasonable  approach  has  been  to  design  static  yield 
strength  Irveb  to  a minimum  of  3 times  the  transient 
fatigue  stress  used  for  the  gear  teeth  end  rotor  shaft 


infinite  life  critria.  The  throttle  chop  transient  re- 
sponse is  often  the  greatest  oscillatory  torque  felt  in 
the  T.R.  drive  syrtem-  The  system  can  be  modeled  for 
the  computer  tiling  the  engine-main  rotor  decay 
curves,  the  appropriate  lumped  mass  and  spring  rate 
analogues,  and  i tie  coupling  discontinuities,  with 
reasonable  accuracy.  A preproduction  flight  strain 
survey  will  provide  sufficient  information  on  the  tor- 
sional characteristics  of  the  tail  rotor  drivesystem  to 
enable  substantiation  of  the  integrity  or  revelation  of 
the  unanticipated  weak  points. 

4-3. 1. 4 Subcritfcnl  Shafting 

Analytical  methods  for  determining  critical  speeds 
of  a drive  shaft  are  covered  in  Chapter  7,  AMCP  706- 
201.  As  defined  there,  the  critical  speed  is  that  ro- 
tational speed  at  which  the  elastic  forces  arc  over- 
come by  the  unbalanced  centrifugal  forces  and  the 
"bow”  of  the  shaft  increases  divergently.  Theoretical- 
ly, the  critical  speed  of  a perfect  shaft,  i.e.,  a shaft  that 
is  perfectly  balanced,  homogeneous,  and  equally  dis- 
placed about  the  rotating  axis,  will  occur  as  pre- 
dicted by  ■'  * analysis.  The  behavior  of  such  a shaft  is 
shown  *•  dashed  line  in  Fig  4-36.  No  vibration 
occurs  the  rotational  speed  »i  approaches  the 
critical  speed  qff4  where  divergence  occurs  almost 
without  warning. 

Practically  any  re  1 shaft  has  some  initial  un- 
balance that  provides  a centrifugal  driving  force 
which  increases  with  increasing  rotational  speed  »>. 
Such  a shaft  exhibits  vibration/rotation  charac- 
teristics such  as  arc  shown  by  the  solid  line  in  Fig.  4- 
36.  While  vibration  levels  at  normal  operating  speeds 


Figure  4-36.  Relative  Shaft  Speed  *s  Relative 
Vibration  Amplitude 


4-74 


t v 


) 


AMCP  706-202 


may  be  acceptable,  the  unbalanced  forces  can  in- 
crease rapidly  as  y increase*  above  with  the  possi- 
bility of  resultant  damage.  This  situation  can  ef- 
fectively reduce  the  critical  speed  margin  to  an  unac- 
ceptably low  level.  The  inference  is  that  simply  by 
balancing  the  diive  shaft  an  acceptable  critical  speed 
margin  easily  can  be  realized.  However,  the  ^ost  of 
dynamically  balancing  the  shait  and/or  shaft  as- 
sembly must  be  included  in  the  trade-off,  together 
with  a careful  assessment  of  the  contributions  of  the 
end  conditions  and/or  mounting  compliance  to  the 
vibration/rotation  characteristic. 

The  majority  of  existing  drive  system  applications 
use  subcritical  shafting,  for  which  the  lowest  value  of 
ncr  > Requirements  for  balancing  can  be  met  with 
ordinary  balancing  techniques  and  equipment;  rela- 
tively short  shaft*  minimize  production  and  logistic 
problems;  and  ballistic  tolerance  design  parameters 
are  known.  On  the  other  hand  the  cost  of  a sub- 
critical  shaft  installation  with  several  separate  spans 


may  be  higher  than  that  of  a comparable  super- 
critical installation.  The  t manufacturing  cost  fot  the 
short  shafts  may  not  be  much  different  than  the  cost 
of  a single  long  shaft,  while  the  number,  an  1 hence 
cost,  of  machined  parts  probably  will  be  higher  for 
the  subcritical  installation. 

A single  span  of  the  subcritical  system  consists  of  a 
drive  shaft  tube  with  end  fittings,  drive  adapter, 
hanger  assembly  with  bearing,  splined  adapter,  and 
coupling.  A typical  example  is  shown  in  Fig.  4-37. 
Design  of  the  drive  shaft  requires  a determination  of 
the  shaft  cross  section  necessary  to  accept  safely  the 
steady  and  transient  loads  stipulated  in  the  pertinent 
design  specification,  and  of  a shaft  length  that  will 
operate  safely  within  the  critical  speed  limitations. 
An  efficient  design  generally  consists  of  the  least 
number  of  spans  with  acceptable  critical  speed 
margins  and  torsional  buckling  strength.  Large  dia- 
meter thin-walled  tubes,  generally  of  nonferrous 
metals;  a grease  lubricated  bearing  scaled  on  one  side 
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Figure  4-37.  Typical  Bearing  Hanger  Assembly  — Subcritical  Shaft  Assembly 
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with  a fitting  for  a periodic  relubrication:  and  a flexi- 
ble disk  coupling  arc  typical  of  current  design  prac- 
tice. The  end  fittings  and  their  attachment  represent  a 
considerable  portion  of  the  cost  of  the  manu- 
facturing ci  such  dvi'c  shafts.  The  fittings  may  be  at- 
tached by  adhesive  bonding,  riveting,  bolting,  elec- 
tron beam  welding,  or  brazing.  Tolerance  of  mating 
parts  must  be  closely  maintained  to  ensure  good 
parallelism  of  end  fittings  and  low  vibration  charac- 
teristics. 

The  type  of  couplings  selected,  their  mass,  lo- 
cation, and  friction  characteristics,  influence  critical 
whirling  modes  as  well  as  torsional  response  modes 
of  the  shafting.  A recent  investigation  of  coupling  in- 
duced whirl  phenomena  on  turboshafl  powered  heli- 
copters is  given  in  Ref.  108. 


4-3. 1.5  Supercritical  Shafting 

Supercritical  shafting  usually  opt.  at  a speed 
between  the  first  and  second  critical  speeu  of  ro- 
tation, although  even  high  orders  are  possible.  The 
main  rotor  and  tail  rotor  shafts,  or  mas’s,  often  pass 
through  ihc  first  critical  speed  before  reaching 
operating  speed.  However,  the  critical  speed  is  rela- 
tively low,  the  dwell  tirr. _ is  momentary,  and  aero- 
dynamic damping  forces  are  quite  lt.*e.  On  the  other 
hand,  interconnect  drive  shafting  and  tail  rotor  drive 
shafting  generally  operate  at  relatively  high  speed 
with  very  little  inherent  damping. 

The  advantages  of  a supercritical  shaft  design  arc 
the  smaller  number  of  detail  parts  and  bearing  hanger 
assemblies.  The  disadvantages  arc  the  need  for 
dampers,  which  for  reliability  should  be  redundant, 
and  the  physical  length  of  the  shafts,  which  may  im- 
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tors  may  determine  shaft  diameter  and  wall  thick- 
ness. Shaft  sizes  larger  than  those  required  by  the 
power  requirements  may  be  necessary  to  maintain  a 
LjD  ratio  sufficient  to  avoid  critical  torsional 
buckling,  or  to  counter  a specific  ballistic  threat. 
Once  si.e  has  been  determined,  the  design  require- 
ments for  shafts  in  the  supercritical  speed  range 
center  primarily  on  damping  and  dynamic  balancing. 
As  shown  in  Ref.  109,  the  necessity  for  balancing  to  a 
very  close  tolerance  over  the  entire  span  crthe  super- 
critical shaft  is  paramount  for  successful  operation 
It  is  incorrect  to  assume  that  a supercritical  shaft- 
ing system  will  automatically  weigh  less  than  a sub- 
critical  system.  Directly  comparable  designs  for  a 
given  helicopter  application  have  to  be  made  and  the 
total  installed  weights  determined  accurately  and 
' compared.  The  weight  saving  apparently  achieved  by 
| eliminating  the  hangers  necessary  for  the  subcritical 


shafting  will  be  partially  or  totally  ofTset  by  the  addi- 
tion of  a dampci  or  dampers.  The  elimination  of 
hangers  and  the  attendant  maintenance  requirements 
also  may  be  offset  by  the  addition  of  maintenance 
requirements  for  the  dampers. 

Acceptable  tolerance  to  ballistic  strikes  requires 
hardware  testing  under  simulated  service  conditions. 
Parameters  for  ballistic-tolerant  designs  for  super- 
critical shafting  have  not  been  defined  and  de- 
pendence on  individual  tests  is  almost  complete. 

A method  for  calculation  of  critical  speeds  and 
bending  modes  for  high-speed  shafting  is  well 
presented  and  explained  in  Ref.  1 10. 


4-3.2  COMPONENT  DESIGN 

The  basic  drive  shaft  system  components,  coup- 
.igs,  bearings,  and  shafts  are  discussed  separately  in 
ihe  paragraphs  that  follow. 


4-3.2. 1 Couplings 

The  primary  purpose  of  the  shatt  coupling  is  to 
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motion  between  various  shafting  elements  and  the 
engines  and  gearboxes.  This  relieves  stresses  in  the 
shafting,  bearing,  gearbox,  and  engine  components 
induced  by  bending  moments  and  axial  forces.  The 
relative  motions  between  these  components  may  be 
due  to  airframe  structural  deflections,  thermal  ex- 
pansion, or  pylon  excursions  required  by  rotor  vi- 
bration isolation  schemes.  There  are  six  major  types 
of  couplings  that  have  been  used  in  helicopters,  and 
the  selection  of  one  among  them  for  a given  ap- 
plication depends  greatly  upon  the  required  dis- 
placements and  the  ioads  ihai  can  be  tolerated  in 
their  supporting  elements.  The  six  are: 

I.  Laminated  flexible  disk  couplings  (Thomas 
type).  This  type  of  coupling,  shown  in  Fig.  4-37,  is 
probably  the  simplest  design  for  angular  misalign- 
ments <.  I deg.  It  has  been  used  on  the  CH-47  syn- 
chronizing shaft  and  on  the  OH-58  tail  rotor  drive 
system.  Lach  driving  spider  may  have  two  or  three  at- 
taching points  (four  or  six  equally  spaced  holes  in  the 
disk  complement).  The  larger  number  is  preferred 
from  the  viewpoints  of  vulnerability  and  sur- 
vivability. The  laminated  disks  are  generally  circular 
rings,  although  square  and  hexagonal  shapes  have 
been  used.  One  problem  that  has  been  encountered  is 
disk  fretting  at  the  bolt  attachment. 

This  coupling  features  high  torque  capacity,  light- 
weight, simplicity,  and  constant  angular  velocity.  The 
torque  capacity  can  be  vaued  easily  by  the  addition 
or  deletion  of  laminates.  However,  increasing  the 
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number  of  laminate*  reduces  the  angular  misalign- 
ment capability  of  the  particular  design.  An  ad- 
ditional relationship  exists  between  the  number  of  at- 
tachment points  and  the  torque  capacity,  and  mis- 
alignment capability.  A four-point  attachment  (two- 
bolt  shaft  adapter)  provides  the  maximum  misalign- 
ment capability  and  also  is  the  least  expensive  to 
manufacture.  The  flexible  disk  is  capable  of  smali 
axial  deflections,  and  where  predicted  axial  motions 
uTt  lew,  'his  coupling  serves  well.  No  lubrication  is 
required. 

T nomas  couplings  often  are  used  in  series  with  a 
sliding  involute  spline  to  occomtnouatr  variations  in 
initial  shaft  assembly  length  due  to  accumulation  of 
manufacturing  tolcraracer.  However,  wlirn  axial  de- 
flation occurs  under  operating  torque,  the  slip  re- 
sistance. of  the  spline  is  so  great  that  appreciable  axial 
force  will  be  applied  to  the  disk  laminates.  For  splines 
of  tl  is  type  the  breakaway  slip  force  rarely  is  less 
than 


fbs  » 0.4  Q/Dr  lb 


Q - torque,  lb-in. 

Dp  = pitch  diameter,  in. 

In  some  special  cases  where  certain  drv  Aim  lubri- 
cations are  applied  to  the  splines  (Ref.  93)  break- 
away forces  of  half  this  value  may  be  realized. 

2.  Flexible  diap*"  our  (Bcndix  tyre)  couplings. 
This  coupling  (^ec  Fig.  4-3IS)  has  b®i.i  used  on  the 
OH-6  hebcopter.  This  type  A coupling  is  generally 
capable  of  a maximum  regular  misalignment  of 
about  l deg  per  diapnragm  pair,  but  very  little  axis! 
deflection  capability  and  theieforc  must  be  used  in 
series  with  a sliding  sphne.  Recirculating  bw.ll  splines 
generally  «tc  piefenred  for  mirvmuin  breakaway  slip 
force  Ft,  A Jso,  the  diaphragm  stack  is  very  sensitive 
to  fatigue  failure  due  to  oscillatory  axial  deflections 
since  the  weakest  member  of  the  stack  will  often  oil- 
can ar.d  provide  nearly  all  of  the  axial  deflection. 
Under  such  conditions  it  may  be  necessary  to  pro- 
vide a self-aligning  .monoball  (or  similar  type)  bearing 
at  the  intended  flnurc  center  of  the  stack  io  (mimcr 
axial  loads  into  the  supporting  adapter  and  to  force 
the  ball  spline  to  move.  Although  theoretically  it  is 
possible  tr  obtain  very  low  breakaway  slip  forces 
wiih  the  ball  spline,  practical  considerations  with  re- 
spect to  i.iinirr  um  length  of  the  ball  track  grooves, 
number*  of  balls,  and  seal  provisions  usually  limit 
these  forces  to  a minimum  of 
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Figure  4-36  irtex£Mc  Diaphragm  Coaplisg 

All  too  often,  the  vibratory’  forces  due  to  imbalance 
and  rotor  vibrations  lead  to  false  bundling  of  the  ball 
track  grooves,  which  results  in  turn  in  much  higher 
axial  forces  with  increasing  service  time. 

Although  the  flexible  diaphragm  elements  need  no 
lubrication,  the  splines  and  the  monoball  oc- 
casionally require  lubrication 
3 Axially  loaded  straight  element  flexible 
coupling  (Bossier  coupling).  This  coupling  (Fig.  4-39) 
requires  no  lubrication  and  has  the  ability  to  accom- 
modate combined  axial  motion,  misalignment,  and 
torque.  A series  stack  of  warped  rectangular  plates 
with  a centrally  located  rectangular  cutout  leaving 
slender  sides  characterizes  the  coupling.  Opposed 
corners  of  these  plates  are  bolted  to  adjacent  elements 
and  to  end  fittings  or  adapters.  Design  characteristics 
of  this  coupling  arc  defined  in  Ref.  111. 

Applications  to  date  have  been  largely  experi- 
mental with  some  flight  time  accumulated  on  the 
HU-2  helicopter  (Ref.  1 12)  and  UH-!  helicopter.  The 
angular  misalignment  capability  appears  to  be  about 
0.5  deg  per  plate  element.  However,  an  increase  in  the 
number  of  elements  used  results  in  a reduction  in  first 
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whirling  critical  speed.  A satisfactory  lightweight 
d coign  for  an  engioe-to-gearbox  shaft  for  moderate 
angles  (of  the  order  2,5  deg)  and  025  io.  oscillatory 
axial  motion  probably  would  be  required  to  operate 
in  the  super -critical  range  if  the  engine  output  speed 
woe  above  (000  rpm. 

4.  Elastomeric  couplings.  Considerable  develop- 
ment work  culminating  with  experimental  flight 
testing  on  helicopters  mi <ii  as  the  YH-51  have  been 
accomplished  with  this  type  of  coupling  (Fig.  4-40). 
However,  all  successful  applications  have  had  low 
angular  misalignment  and  aaittl  deflection  require- 
ments. Efforts  to  develop  higher  capabilities  (up  lo 
2.5  deg  steady  misalignment  and  ±0.23  in.  oscil- 
latory axial  displacement)  have  met  with  failure.  The 
low  angle  configurations  have  used  simple  rubber  ele- 
ments in  shear  or  compression,  while  for  higher 
angles  very  thin,  multiple  layer,  rubber-roetal-rubber 
combinations,  such  as  are  now  common  in  certain 
rotor  system  bearings  lutie  been  used.  the  principal 
development  problems  have  been  elastomer  fatigue 
d>.  o reversed  loading  (alternating  lension/com- 
pr< io  ) at  high  angle/low  torque  conducts. 

The  basic  advantages  of  elastomeric  couplings  are 
uigu  Cufupli&tiuE  (iuVr  iiiOCii  and  tiuiti  uJuiiiuiiSivii), 
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Figure  4-59.  Bossier  Cimjtiiii^ 
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Figure  4-40.  Elastomeric  Coupling 


no  lubrication  required,  no  susceptibility  to  fretting 
corrosion,  and  potential  savings  of  cost  and 
maintenance.  Inher  ent  disadvantages  are  deteriora- 
tion in  an  oily  environment  and  aging,  and  reduced 
critical  speed  due  to  high  compliance. 

S.  Hooke’s  joint.  The  Hooke’s  or  Cardan  type  of 
universal  joint  coupling  (Fig.  4-41)  is  capable  of  rela- 
tively Aigh  angular  mtsaiigument,  of  the  order  of  30 
deg  at  .noderate  speeds  and  IS  deg  at  high  speeds. 
However,  unlike  all  other  couplings  discussed  in  this 
paragraph,  the  output  is  not  a constant  angular  velo- 
city, and  significant  bending  moments  arc  induced  in 
the  attaching  adapter:  and  supporting  structures. 
Consequently,  this  type  of  coupling  generally  is  em- 
ployed as  phase- matched  pairs  to  cancel  the  oscilla- 
tory angular  velocity  or  singularly  with  systems  that 
are  very  soft  torsionally  and  hence  can  absorb  the 
angular  velocity  oscillation.  The  H- 13  tail  rotor  drive 
system  is  an  example  of  Ihe  latter  type  of  ap- 
plication. 

These  couplings  have  no  axial  motion  capability 
and  normally  arc  used  in  series  with  cither  a sliding 
(involute  or  square  tooth)  or  a recrculating  ball 
spline.  The  input  and  output  yokes  oi  the  coupling 
normally  arc  attached  to  the  cross  with  cupped  needle 
beatings.  When  these  cO!r.k*oncnts  arc  sized  properly 
for  a given  torque  and  angular  velocity  oscillation, 
the  breakaway  sliding  force  of  the  adjacent  spline 
usually  is  well  within  the  axial  load  capacity  of  the 
coupling.  Common  failure  modes  -ire  spalling  of  the 
cup  and  needle  bearing,  and  fatigue  fracture  of  the 
yokes.  The  needle  bearings  require  lubrication. 

t».  Gc«r  couplings.  Gear  couplings  (Fig  4-42)  with 
highly  crowned  external  involute  gear  teeth  i.  ’ting 
with  straight  tootned  internal  gc&i  tee:!  have  been 
used  on  helicon!'  rj  far  more  extensively  than  all 
other  coupling,  types  combined.  1 l.tse  couplings  arc 
capable  of  providir;t  moderately  high  angulcr  mis- 
alignment and  axial  motion  during  operation  at  high 
spoed  and  torque  Tu-  vary  low  weight.  Common 
operating  renditions  i,;e  3 deg  continuous  and  (■  deg 
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Figure  442.  Gear  Coupling 


transient  and  ±0.75  in.  oscillator;  axial  motion  at 
frequencies  in  the  range  of  10  Hz.  Unlike  straight 
splines  or  recirculating  ball  splines,  the  breakaway 
sliding  force  Fk.  can  be  very  low:  actually  f\.  reduces 
as  the  misalignment  angle  increases.  A comparison  of 
thi'i  force  "or  a typical  gear  coupling  *v  shown  in  Fig. 
4->'3.  This  pnenontenon  is  due  to  T e feet  that  the 
ccn  act  between  loaded  teeth  is  at  r-.  high  sliding  velo- 
city due  t>  the  angular  misalignments.  Conse 
quen  ly,  a superimposed  axial  motion  is  resisted  only 
by  the  relatively  low  dynamic  friction  coefficient 
rather  than  a static  value. 

Gear  coupling  operating  limits  are  thermal  rather 
than  which  is  the  limiting  consideration  for 

the  fi  coupling  typej  previously  discussed.  Specially 
developed  grease  lubricants  have  provided  the  best 
load  carrying  (least  friction)  capability  for  gear 
couplings.  However,  the  operating  environment  (high 
centrifugal  field,  high  mechanical  stroking  fre- 
quency, a.  d eleva'ed  temperature)  combine  to  make 
the  ■'sst  majority  of  greases  unsuitable  for  this  ap- 
petition. 
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Aside  from  the  need  for  periodic  relubrication 
(600-hr  intervals  ase  common)  the  greatest  difficulty 
with  gear  couplings  is  providing  adequate  sealing  for 
the  grease.  Guillotine  slider  seals  and  elastomeric 
boots  are  most  often  found  in  high  angle  ap- 
plications while  modified  lip-type  shafts  seals  can  be 
used  for  low  angle  (<I  deg)  operation.  Shaft  speeds 
of  20,000  rpm,  which  are  now  common,  offer  a dis- 
tinct challenge  to  the  designer  since  few  seal  designs 
can  tolerate  the  high  centrifugal  field.  Overheating 
du«  :c  less  of  lubricant,  followed  by  plastic  shear  of 
the  hot  teeth,  is  the  predominant  failure  mode  for  this 
type  of  coupling. 

Fully  hardened,  ground,  and  properly  modified 
gear  coupling  teeth  operate  well  with  tooth  loads  in 
the  range  of  50,900-70,000  psi  at  sliding  velocities 
well  over  100  in./sec.  Operation  out-side  of  these 
boundaries,  use  of  improper  tooth  materials,  and  use 
of  inferior  lubricants  can  result  in  contact  melting, 
smearing,  and  welding  of  the  teeth. 

A method  of  determining  the  tooth  load  dis- 
tributions for  varying  combinations  of  tooth  crown 
curvature,  profile  modification,  misalignment  angle, 
and  torque  is  given  in  Ref.  1 1 3.  These  loads  may  then 
be  used  to  calculate  root  fillet  bending  stress,  Hert- 
zian contact  stress,  and  flash  temperature  indices  as 
shown  in  par.  4-2.2. 1.2. 


4-3J.2  Bearings 

The  criteria  for  design  of  hanger  bearings  for  drive 
shafting  differ  considerably  from  the  normal  power 
loaded  bearings  used  in  gearboxes.  The  loads  P to 
which  the  hanger  bearings  are  subjected  are  very  light 
(C/P  < < 10  where  C is  the  capacity  of  the  bearing  for 
a life  of  101  cycles  with  90%  probability  survival)  and 
sizes  are  determined  by  the  torque  requirement  of  the 
shaft  through  the  bearing.  With  high  tensile  strength 
heavy  wall  shafts  used  to  reduce  shaft  outside 
diameter,  a relatively  small  bore  (light)  series  bearing 
can  be  used  in  the  hanger. 

Bearing  mounting  on  the  shaft  should  be  closely 
controlled  to  assure  true  running  and  that  internal 
clearances  are  adequate  to  prevent  radial  preloading 
under  operating  temperature  differentials.  Grease 
lubrication  normally  is  used,  and  sealed  nonrelubri- 
eatable  as  well  as  relubricatable  bearings  may  be 
used.  The  lack  of  adequate  internal  clearance  is  a 
common  design  error  found  in  many  existing  hanger 
bearing  designs. 

Considerable  effort  has  been  expended,  as  des- 
cribed in  Ref.  1 14,  to  evaluate  greases  for  hanger 
bearings.  The  grease  most  commonly  used  is  MIL-G- 
81322. 


After  loss  of  the  lubricating  oil  in  the  grease  by 
evaporation  or  migration,  the  common  failure  mode 
exhibited  by  grease  lubricated  hanger  bearings  is 
overheating,  failure  and  expulsion  of  the  cage,  and 
finally,  expulsion  of  balls.  Severe  shaft  vibration,  due 
to  loss  of  centering  provided  by  the  bearing,  or  shaft 
failure  may  follow  loss  of  balls. 

Degradation  of  the  lubricant  also  is  caused  by  en- 
try of  water  or  debris  into  the  bearing.  The  means  of 
sealing  bearings  provided  by  bearing  manufacturers 
are  generally  inadequate  to  preclude  a significant 
failure  rate  in  the  Army  environment  unless  ad- 
ditional protection  is  provided.  One  such  means  is  to 
enclose  the  drive  shaft  with  a cover  to  exclude  the 
bearing  areas  from  the  contaminating  environment. 
Another  simpler,  but  less  effective,  means  is  to  in- 
stall rotating  stingers  on  each  side  of  the  bearings 
with  closely  controlled  clearances  at  the  slinger  OD. 
This  providr  shie.d  against  the  entry  of  water, 
debris,  or  cleaning  fluids  during  helicopter  wash- 
down. Although  an  effective  seal  may  be  designed 
that  will  reliably  assure  reasonable  bearing  life  (1000- 
2000  hr),  a hanger  that  is  designed  to  permit  re- 
lubrication can  greatly  reduce  hanger  bearing  re- 
placement. Frequent  introduction  of  a fresh  charge  of 
lubricant  can  revitalize  and/or  purge  the  old  charge 
of  contaminated  and  thickened  grease.  However,  re- 
lubrication  adds  to  the  maintenance  burden  and  the 
risk  of  servicing  with  an  incorrect  and  unsuitable 
lubricant  is  everpresent,  but  most  lubricants  will  pro- 
vide satisfactory  operation  of  the  bearing  for  at  least 
a short  period.  The  selection  of  nonserviceable 
replaceable  bearings  or  relubricatable  designs  is  a 
trade-off  involving  many  factors  such  as  bearing  cost, 
maintenance  man-hours,  reliability,  and  survivabili- 
ty. 

The  design  of  the  hanger  assembly  must  be  such  as 
to  prevent  inadvertent  bearing  overloads.  Nominal 
bearing  loads  are  limited  to  shaft  weight  and  ro- 
tating unbalanced  loads,  neither  of  which  should  be 
detrimental.  However,  misinstallation  of  the  hanger 
can  introduce  static  angular  misalignment  between 
inner  and  outer  rings  (shaft  to  housing)  causing  a 
moment  load  to  be  imposed  on  the  bearing.  Al- 
though system  compliance  (hanger,  shaft,  and  air- 
frame) may  preclude  loads  of  sufficient  magnitude  to 
cause  spalling  fatigue,  the  bearing  balls  will  skid  as  a 
result  of  contact  angle  reversal  due  to  these  moment 
loads.  Such  operation  will  cause  cage  distress  and 
overheating  with  abbreviated  service  life.  Adequate 
relief  from  angular  misalignment,  in  the  form  of 
proper  internal  clearances  and/or  self-aligning  outer 
ring  mounting,  must  be  provided  in  the  hanger 
design. 
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4-3X3  Sbafttag 

Design  of  the  drive  shaft  itself  is  concerned  pri- 
marily with  material,  size,  and  end  fitting  selections. 
For  high  torque  applications,  where  tube  wall  thick- 
ness permits,  a spline  or  simitar  drive  mechanism  may 
be  used  to  adapt  the  shaft  to  couplings  or  other  drive 
components.  With  thin  wall  tubes,  an  adapter  with  a 
thicker  section  must  be  attached  to  the  tube  to  per- 
mit use  of  a bolted  or  splined  attachment  to  the 
coupling. 

Adapters  may  be  adhesively  bonded  to  thin  wall 
tubes.  The  adapter  joint  must  be  proportioned 
properly  to  avoid  excessive  stress  concentration  at  the 
bond  interface.  This  can  be  done  by  machining  the 
end  fitting  bore  and  shaft  OD  in  a tapered  or  para- 
bolic shape  so  that  the  angle  of  twist  is  constant.  If 
the  section  modulus  is  constant  over  the  length  of  the 
bonded  joint,  the  distribution  of  shear  stress  in  the 
bond  material  will  be  even.  If  the  joint  were  not  so  de- 
signed and  an  abrupt  change  in  section  modulus  were 
encountered  at  the  end  of  the  fitting,  a differential 
angle  of  twist  would  occur  causing  a severe  shear 
stress  concentration  in  the  bond  material.  The 
strength  of  such  a joint  would  be  considerably  lower 
than  intended. 

The  fittings  can  be  riveted  effectively  to  the  larger 
diameter  drive  shaft  tubes  with  adequate  margins  of 
safety.  The  stress  concentration  effects  normally  as- 
sociated with  riveted  joints  must  be  taken  into  ac- 
count in  the  design  of  this  type  of  assembly.  Bolted 
joint  designs  are  similar  to  the  riveted  joints. 

Welded  joints  can  be  made  effectively  when  ferrous 
materials  are  used  both  for  tube  and  adapter.  Normal 
efficiency  factors  for  welds  must  be  used  when  sizing 
the  joint  for  steady  torsional  load  and  the  effects  of  a 
metallurgical  "notch”  or  stress  concentration  must 
be  included  in  the  fatigue  analysis.  Brazed  joints  also 
are  effective  for  some  designs.  Induction  brazing  is 
developed  easily  and  is  a cost-effective  method.  The 
heat  affected  zone  in  the  brazed  joint  normally  is 
tempered,  and  the  torsional  strength  of  the  joint  must 
be  based  on  the  minimum  allowable  strength  of  the 
tube  or  adapter  in  the  tempered  zones. 

Machining  may  be  necessary  subsequent  to  the  at- 
tachment of  the  end  fitting  to  provide  parallel  and 
concentric  mounting  surfaces  so  that  the  drive  shaf- 
ting runs  true. 

Materials  used  for  drive  shafting  include  steel, 
aluminum,  titanium,  and  nonmetallic  composite 
structures.  Steel  shafting  is  used  for  engine-to- 
transmissioii  applications  and  other  areas  defined  as 
fire-zones.  Aluminum,  titanium,  and  composite  shaf- 
ting are  suitable  for  interconnect  shafting  and  tail 
rotor  drive  shafting.  Mill  run  tube  stock  can  be  used 


in  low-speed  applications  where  balance  require- 
ments are  not  stringent.  Tube  stock  and  bar  stock, 
bored  and  completely  machmed,  are  used  for  higher 
speed  application  wlitere  straightness  and  true  run- 
ning are  necessary  to  meet  close  tolerance  balancing 
requirements.  Composite  materials  usually  are  fabri- 
cated by  laminating  epoxy  preimpregnated  carbon  or 
boron  filament  at  zero,  45  deg  and  90  deg  lay  to  the 
shaft  axis  and  curing  in  an  autoclave.  The  composite 
shaft  has  a very  high  strength  to  weight  ratio  but  the 
cost  is  considerably  higher  than  for  other  materials. 
Balancing  requirements  are  less  stringent  for  the 
composite  shaft  due  to  the  lower  specific  weight 
materia],  but  machinable  material  should  be  added  at 
approximately  one  third  span  positions  to  facilitate 
dynamic  balancing  when  required.  Large  diameter 
(3.0  in.OD)  thin-walled  aluminum  tubes  have  demon- 
strated excellent  ballistic  tolerance  to  iow  and  high 
velocity,  and  tumbled  7.62-mm  bullets.  Torque  trans- 
mitting capability  is  somewhat  reduced  following  a 
hit  by  this;  type  of  projectile,  but  he  vibration  charac- 
teristics are  not  affected  adversely  for  subcritical 
shafting.  Composite  shafting  exhibits  ballistic 
tolerance  to  7.62-mm  bullets  similar  to  that  of  alumi- 
num shafting  although  the  tolerance  to  lower  velocity 
projectiles,  impact  of  a dropped  tool,  or  handling 
damage  iis  considerably  reduced. 

4-4  LUBRICATION  SYSTEMS 

A helicopter  gearbox  can  be  designed  to  meet  load 
and  speed  requirements  but  the  useful  life  of  the  gear- 
box is  a direct  function  of  the  lubrication  and  cooling 
system.  The  amount  of  power  loss  as  heat  is  governed 
by  the  design  of  the  heat  generating  elements  in  the 
gearbox.  The  lubrication  system  assures  attainment 
and  maintenance  of  a minimum  value  of  heat  loss  as 
well  as  minimum  wear.  The  concurrent  function  of 
the  lubrication  system  is  to  carry  away  heat. 

Heat  transfer  occurs  between  bearing  outer  rings 
and  housings  by  conduction  and  from  housings  to  at- 
mosphere by  convection.  This  mode  of  heat  transfer 
is  minimal  compared  to  the  heat  transferred  directly 
to  the  inside  walls  of  the  housings  by  the  cascading 
oil,  with  convection  again  taking  place.  The  third 
means  of  heat  rejection  is  by  direct  transfer  to  forced 
air  in  an  air/oil  or,  in  rare  cases,  fuel/oil  heat 
exchangers  (oil  coolers). 

During  stabilized  operation  a balance  is  main- 
tained between  heat  transfer  by  conduction/convec- 
tion/radiation from  the  gearbox  cases  and  the  heat 
exchanger,  if  one  is  provided.  Some  gearboxes  are  de- 
signed for  continuous  operation  without  an  external 
heat  exchanger.  In  this  case  the  surface  area  (external 
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wetted  area)  provides  adequate  cooling  margin,  es- 
pecially if  forced  air  is  directed  across  the  gearbox. 

A somewhat  different  mode  of  heat  transfer  oc- 
curs in  gearboxes  that  are  grease  lubricated.  Gear- 
boxes that  are  f/ea se  lubricated  depend  almost  en- 
tirely upon  the  transfer  of  neat  from  the  gears  along 
the  shaft  to  the  bearings,  through  the  bearings,  and  to 
the  housings.  A secondary  flow  of  heat  is  provided  by 
slowly  migrating  grease  as  agitation  occurs  but  this  is 
minimal  compared  to  the  direct  conduction  of  heat  to 
external  gearbox  walls  through  the  shafts  and 
bearings.  Tests  conducted  on  grease  lubricated  gear- 
boxes using  USAF  MCG  68-83  grease  (Refs.  37  and 
115)  indicate  that  grease  migration  is  not  significant. 
The  lack  of  migration  can  be  an  advantage  in  meeting 
fail-safe  operational  requirements  since  little  or  no 
grease  loss  would  be  anticipated  in  the  event  of  a 
ballistic  strike  in  the  housing. 


44.1  OIL  MANAGEMENT 

The  delivery  of  oil  from  pump  to  filter  to  manifold 
and  then  to  load  points  must  be  systemttic  and  de- 
liberate to  assure  proper  lubrication  and  cooling. 
Placement  of  the  oil  must  be  specific  to  prevent  sur- 
ging, foaming,  and  cavitation.  As  the  used  oil  leaves 
the  gear  mesh  and/or  bearings,  a natural  gravi- 
tational flow  path  must  be  provided.  Traps  around 
rotating  components  can  cause  excessive  churning 
and  heat  buildup,  thus  adding  to  the  cooling  burden. 
High  speed  gears  can  create  vortices  that  will  sus- 
pend large  amounts  of  oil  against  the  housing  around 
the  gear.  Excessive  oil  flow  to  gears  and  bearings  can 
cause  heat  generation  and  buildup  greater  than  the 
amount  of  heat  coming  from  the  loaded  con- 
junctions. Therefore,  controlled  movement  of  the  oil 
after  egress  from  the  rotating  elements  and  heat 
generating  points  must  be  provided  to  allow  the  oil  to 
find  its  way  uninterrupted  back  to  the  sump.  Close 
fitting  shrouds  around  gears,  and  return  lines  from 
cavities  between  bearings  and  shaft  seals  provide  ef- 
fective means  of  preventing  oil  entrapment  and  ex- 
cessive churning.  Judicious  placement  of  ribs  and 
webs  in  the  gearbox  housings  and  ample  provision 
for  oil  flow  beneath  or  around  the  structure  will  help 
assure  proper  oil  return. 

The  pump  inlet  placement  and  arrangement  must 
be  considered  carefully  in  the  design  of  the  pump, 
housing,  and  sump.  Maintenance  of  a sufficient  oil 
supply  at  altitude  is  directly  affected  by  the  volume 
and  depth  of  oil  at  the  oil  pump  inlet  and  the  effect  of 
flow  constrictions  into  the  inlet.  If  the  return  oil  is 
hampered  in  getting  to  or  through  the  oil  inlet,  cavi- 
tation and  loss  of  oil  pressure  can  ensue. 


In  splash  lubricated  gearboxes  oil  flow  is  more  dif- 
ficult to  attain.  However,  because  the  primary  func- 
tion of  the  lubricant  in  this  type  of  gearbox  is  to  lubri- 
cate the  gears  and  bearings  sufficiently  to  r linimize 
the  heat  generation,  the  amount  of  oil  required  at  the 
friction  points  is  minimal.  Nevertheless,  management 
of  the  oil  is  still  critical  to  the  adequacy  of  lubri- 
cating and  cooling;  provision  must  be  made  for  oil  to 
be  delivered  to  each  bearing,  gear,  and  seal.  Natural 
laws  are  employed  to  accomplish  this;  centrifugal 
head,  gravity  feed,  and  dynamic  pressure  dif- 
ferentials can  impart  sufficient  impetus  to  the  oil  to 
attain  directed  flows.  Oil  splashed  to  the  inside  of  a 
rotating  shafl  can  be  caused  to  flow  continuously 
through  the  shaft  by  tapering  the  bore  from  the  oil 
“inlet”  end  to  the  outlet.  The  outlet  can  be  at  the  end 
of  the  shaft  where  return  is  accomplished  by  gravity 
flow  through  bearings  or  it  can  be  through  radial 
holes  in  the  shaft,  with  centrifugal  head  forcing  the 
oil  into  the  bearings.  Cooling  (though  minimal)  also 
is  provided  by  this  flow  by  ultimate  impingement  of 
the  warm  oil  onto  gearbox  interior  walls.  Agitation  of 
this  oil  is  primarily  by  gear  members  dipping  into  the 
oil  sump  and  splashing  the  oil  to  the  housing  walls, 
bearings  and  gears,  or  to  the  inside  of  shafts. 
Auxiliary  splashing  can  be  accomplished  by  pro- 
viding rotating  dippers  or  slingers.  Maximum  cooling 
of  the  oil  can  be  accomplished  by  the  agitation  and 
slinging  action,  but  care  must  be  exercised  to  de- 
termine the  maximum  oil  level  that  cati  be  tolerated 
before  churning  losses  override  the  cooling  effect  of 
the  agitated  oil. 

Grease  lubricated  gearboxes  have  a different  set  of 
operating  characteristics.  Although  the  high  vis- 
cosity of  grease  provides  good  lubricating  qualities, 
this  high  viscosity  also  prevents  free  migration  inside 
the  gearbox.  As  a result,  tho  grease  must  be  forced  to 
remain  in  the  bearing  anrj  gear  cavities,  usually  by 
means  of  shrouds  and  br.ffles.  The  grease  is  thereby 
“captured"  around  each  bearing,  and  the  grease 
quantity  must  be  such  as  to  assure  an  adequate  sup- 
ply around  gears.  The  percent  "fill"  in  the  gearbox  is 
critical,  as  it  is  with  the  oil  lubricated  gearbox,  es- 
pecially the  minimum  level  inasmuch  as  successful 
lubrication  of  the  gears  is  predicated  on  grease  quan- 
tity as  well  as  location. 


44.1.1  Function 

The  satisfactory  fulfillment  of  the  dual  functions  of 
cooling  and  lubricating  requires  that  the  design  be 
approached  systematically.  Oil  flow  requirements 
should  be  determined  and  followed  from  pump  out- 
let through  the  system  and  back  to  the  pump  outlet. 
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Ok  wwwt  be  ps«*  tried  for  fobriouioa  of  ail  fcnu 
wwwca  mhI  Biqyydled  w nek  o way  as  to  be  aunt  of* 
festive  by  prase*  sjata.  oil  asrim,  and/or  uttcnaal  pvss- 
m»  paamgn  to  bearing*  mi  gms*.  Tha  womm  of 
«3  require  to  lubricate  ■ conjunction.  to.,  to  pn»- 
vettme^  to  autel  contact,  i«*eiy  smsH.  However,  if 
Ife*  frteuoeaS  beat  gsaneictl  as  the  cwprtioti  u 
kitfk. a Rack  tractor  iKamt  of  oil  wort  be  supplied 
to  absorb  tbe  toot  and  cany  h away  from  the  con- 
juneitoa.  Local  keel  buildup  cut  cause  souring  is 
pur  tooth  with  Mhnwat  waldiaf  and  tooth 
hrcakog*  possible,  and  aim  km  of  internal  clearance 
m boarinjgs  tint  can  muse  spalling  failure  or  seizure. 
Aa  adequate  supply  of  oil  unw  to  reduce  the  fric- 
tion Ioann  to  a aimioMMn  level  and  to  maintain  stable 
operation  tmpuniwt  with  the  power  and 

cp*e&.  The  cooling  oti  requirement  in  a loaded  con- 
tact is  a dts«u  function  of  the  bad  intensity  a'  d the 
4twl.  A lightly  loaded  feat  ncth  operating  wiili 
thick  film  Ufcricaticu  will  generate  very  little  fric- 
tional! heat  and  wifi  require  very  little  cooling  oil. 
Stick  a mesh  ran  fee.  lubricated  adequately  by  air/oii 
mat  or  by  sjtLah.  Conversely,  a highly  loaded  gear 
amah  will  generate  considerable  beat  and  require  a 
co^stt:  flcr.-  sf  rijnssed  si!  for  oociir*.  TS«  iame  k 
true  for  both  lightly  loaded  and  heavily  loaded 
bearing*. 

44.IJ  Conp&mt^  ui*d  Anaogswmt 

An  oil  system,  as  & minimum,  will  consist  of  a 
supply  of  oil  in  a genrbra  and  a means  of  gagging  oil 
quantity,  e.g.,  sight  glass,  dip  stick.  The  sump  must 
be  so  located  that  oil  circulation  will  be  ac- 
complished by  a gear  or  routing  ciemeut  dipping  into 
the  sump  and  splashing  the  oi!  to  the  gear  and 
bearing  elements.  This  tmangtmeru  for  rpUsh  lubri- 
cation can  be  u.'-cd  effectively  :t>  gcarbotes  with  single 
meshes  nonnsliy  operating  at  light  load  where  the 
wetted  gezfWs  area  provides  rtkquatc  convective 
cooling.  Tail  u.tor  drive  end  accessory  drive  gear- 
box* 4 fi'tl  in  tint  category.  Although  the  power  trans- 
mitted by  tta,  isii  rotor  gearbes  occasionally  is  high, 
tvr,  condition  tt  transmit  and  bulk  hret  buildup  is 
gerwitJly  negligible.  Getrbox  heat  loss  at  hover 
powei  can  be  ticwsfesred  effectively  from  the  gear  - 
box hooting*  to  the  airflow  caused  by  the  rctor 
dowrwash.  Less  power  is  required  dur  ing  cruise  con- 
ditions, and  mote  air^cw  is  avails ble.  Large  wetted 
areas  arc  common  for  accessory  drive  gearboxes,  and 
po'ver  requi-’cr.'nie  are  predictable  and  constant. 
The  s.nlash  system  is  an  inherently  we;  sump  system. 

On  th*.  other  end  of  the  spectr  um  are  oil  systems 
consisting  of  oil  pump,  oil  lines  and  patr-ages,  relief 
VKvve,  niter,  nrxci&ld,  regcUtor,  oil  ofolet  thermal 


typon,  Sow  bjjswi, 


ids.  A KfcttMfc  of  stsefc  a system  is  show*  in  Fig.  4- 
44.  ?o war  bitkoi  pomp  cats  h provided  kjrsssc- 
»ia«ry  A.*»  gaor  wi.h  power  takeoff  (ran  tk  main 
drive  tnii,  Oil  is  punpod  Son  the  simp  through  the 
filter,  dac  molar,  ud  the  arentiold  to  the  internal 
pampas  nod  jets  and  Booty  to  baarings  and  gear 


Tide  is  typical  of  both  wot  swop  and  dry  sump 
pressure  lubrication  systems.  The  dry  sunp  system 
oonoaty  will  have  a scavenge  pump  to  remove  oil 
from  the  “free”  wnf  area  tad  to  food  the  procure 
pump  inlet  cavity  with  a contiguous  supply  of  lubri- 
cation oil.  The  dry  sump  system  finds  wide  use  where 
the  kkeitboed  of  oil  starvation  exists,  as  in  violent 
flight  maneuvers,,  or  in  gearboxes  that  arc  subject  to 
different  functional  requirements  in  a single  flight,  at 
with  a compound  helicopter  or  convertiplans. 
Another  use  for  the  dry  tump  system  is  with  e system 
of  gearboxes  utilising  a single  lubrication  system.  The 
oil  must  be  scavenged  from  all  remote  gearboxes  and 
deposited  in  the  praeur?  pump  sump  area. 

Tire  jwswviv  pump  iii  general  will  be  of  the  con- 
stant displacement  type,  sired  for  the  pressure  and 
flow  rate  determined  by  cooling  requirement?  and 
system  pressure  losses.  Pumps  can  be  designed  to 
must  widely  varying  flow  requirements  with  single 
dement  pumps  possible  with  flows  in  the  range  of  70 
gpm  and  speeds  up  tc  12,000  rpm.  The  pump  drive 
nay  be  required  to  ha.  a a shear  section  to  satisfy  the 
requirement  that  no  catastrophic  damage  be  done  to 
the  raaia  drive  train  in  the  event  of  accessory  failure. 

Fite  filter  syster.i  should  consist  of  a pump  inlet 
screen  to  prevent  ingestion  of  large  nartirUj  an.ji 
downstream  of  the  pump,  finer  filtration.  A primary 
disposable  filter  element  of  required  fineness  in  a 
housing  with  full  flow  bypass  capacity,  snd  possibly 
with  bypass  indicator,  should  be  provided.  Re- 
placement of  this  filter  element  wiili  be  Part  of  the 
periodic  maintenance  requirements.  Additional 
filters  may  be  required  in  the  system  to  meet  fil- 
tration requirements  of  full  bypass  flow,  if  stipulated 
by  th?  RFP  or  FIDS.  In  this  esse  a secondary  filter 
sytem  will  be  installed  in  the  bypass  sytem  to  assure 
continued  clean  oil  delivery  to  the  gears  and  bearings 
subsequent  to  complete  dogging  of  the  primary  filter. 
The  secondary  filtration  requirements  generally  are 
less  stringent  then  primary  filtration.  Filter  elements 
of  the  order  of  40  microns  suitable  for  secondary  fil- 
tration can  be  of  porous  bronze,  steel  mesh,  or  paper 
ekvoent  types.  The  bronze  and  steel  filters  are  clean- 
able  and  reusable  while  the  paper  element  generally  is 
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diapOMtblc.  The  paper  demerit,  • e used  more  fre- 
quently in  the  primary  aysten.  where  absolute  fil- 
tration doe  a to  3-5  microns  enn  be  attained  and 
mainu.mid  with  ieaa  than  IS  pi.  pressure  drop  acioas 
the  (titer  (Ref.  i 16).  However,  absolute  filuatiun  of 
IS-micion  particles  with  )9'5>  efficiency  oi  filtering  5- 
mioon  sue  particle#  or  larger  h»,  bevn  shown  to  be 
ooat^fk'eotive  ena  adequate  (f.*f  It 7),  white  finer 
fUuui&n  pnaasnicd  filter  clogging  problem*  that  af- 
fected ter  vice  intervals  and  reliability. 


The  oil  cooler  system  normally  will  consist  of  an 
air/oil  heat  exchanger  with  thermal  bypass  for  cold 
weather  starting,  and  forced  air  cooling.  Oil  cooler 
design  requirements  and  procedures  are  presented  in 
Chapter  8,  AMCP  706-201.  and  are  amplified  in  pur. 
4-4.2.  Forced  air  cm  be  from  shaft  driven  blowers  or 
bleeo  air  turbine*.  O I cooler  fan  design  procedure 
mo  i»  described  in  Chap,  t 8.  AMCP  706-201. 

Cook,  lo  ration  shouU  be  cuaainlciit  with  up 
pfscab.e  ballistic  threat  survivability  requirements. 
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^ Coolers  integral  with  the  gearbox  or,  if  separate,  sur- 

rounded by  protective  components  or  structure  are 
possibilities.  The  use  of  either  auxiliary  systems  or  ar- 
mor plating  should  be  considered  only  as  a last 
resort.  The  integral  oil  cooler  has  been  shown  to  be 
effective  (Ref.  1 18).  It  virtually  eliminates  the  need 
for  external  plumbing  and  minimizes  the  ballistic 
threat  to  the  gearbox  oil  system,  and  the  inherent 
protection  of  the  surrounding  airframe  structure  is 
enhanced  by  proximity  of  cooler  to  gearbox.  A 
pressure  bypass  has  been  used  to  divert  full  oil  flow  to 
the  gearbox  oil  system  to  circumvent  oil  flow  to  the 
cooler  in  case  of  ballistic  strike  on  the  cooler. 

The  manifold  is  an  oil  distribution  mechanism  that 
normally  houses  the  oil  pressure  regulator,  tempera- 
ture sensor,  pressure  sensor,  and  distribution 
passages.  Oil  is  carried  from  the  manifold  through 
gearcase  internal  passages  to  oil  jets  for  pressure 
lubrication  of  gears  and  bearings  with  direct  im- 
pinging streams  of  high  velocity  oil.  Internal  passages 
also  can  be  provided  to  direct  oil  to  bearings  encap- 
sulated in  housings  and  liners. 

Externally  mounted  oil  system  components  such  as 
pumps  and  filter  housings  often  present  sealing  prob- 
j lems  and  service  problems  associated  with  the  seals. 

J Gaskets  and  O-rings  normally  are  used  for  sealing  be- 
tween the  mating  parts.  Components  requiring  fre- 
quent removal  can  more  effectively  be  sealed  with  O- 
rings  then  gaskets.  The  compressed  gasket  material 
adheres  to  both  the  sealed  surfaces,  and  mechanical 
removal  of  the  gasket  residue  often  is  required.  This 
becomes  more  difficult  around  studs'.  Each  gasket  ap- 
plication generally  is  unique  and  hence  maintenance 
support  requires  stocking  of  unique  parts,  while  fi- 
rings are  stocked  for  multiple  applications  and  are 
supplied  from  a common  stock.  Gaskets  possibly 
have  a cost  advantage  by  virtue  of  the  elimination  of 
the  O-ring  groove.  Provisions  for  O-rings  also  can 
result  in  slightly  higher  weight  than  for  gaskets. 

Some  system  protection  is  provided  by  gaskets  by 
their  inherent  ability  to  “blow  out”  in  case  of  over- 
pressure surges.  Where  close  tolerances  must  be  held 
between  locations  within  the  mating  parts,  the  use  of 
a gasket  becomes  impractical.  The  gasket  material 
can  compress  and  generally  is  not  consistent  from 
one  gasket  to  another.  In  this  case  an  O-ring  should 
be  used. 

4-4. J, 3 Special  Considerations 
High  flow  oil  systems  may  require  multiple  ele- 
ment pumps.  Constriction  free  inlet  design,  high  ro- 
tational speed,  and  high  flow  rate  may  not  be  at- 
tainable with  a single  element  pump.  Multiple  ele- 
ment pumps  (or  more  than  one  pump)  also  may  be 
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necessary  in  a dry  sump  design,  when  a scavenge  ’ 
pump  is  required.  The  scavenge  pump  extracts  oil 
from  the  sump  area  and  feeds  it  directly  to  the  pres- 
sure pump  or  to  an  oil  inlet  sump  for  the  pressure 
pump.  Oil  return  requirements,  sump  capacity,  and 
turn-around  time  must  be  compatible.  A 20-gpm  flow  ! 

requirement  with  an  8-qt  sump  capacity  results  in  < 

complete  turn-around  of  the  oil  ten  times  a minute.  If  , 

the  height  of  the  gearbox  is  appreciable,  with  ex-  j 

tensive  baffling,  there  is  a danger  of  pump  cavitation  I 

and  interrupted  lubrication.  Even  without  the  danger  i 

of  interrupted  lubrication  the  oil  has  insufficient 
dwell  time  for  deaeration.  Therefore,  excessive 
foaming  and  inadequate  lubrication  or  cooling  are 
possible.  Turnaround  frequencies  greater  than  3.S-4 
rimes  per  minute  become  questionable  with  respect  to 
proper  deaeration  and  attendant  cooling  charac- 
teristics. Adequate  film  thickness  is  difficult  to 
achieve  relative  to  surface  finish  in  loaded  contacts 
when  low  viscosity  synthetic  oils  are  used  for  gear 
and  bearing  lubrication.  Boundary  lubrication  states, 
often  characteristic  with  low  viscosity  oil,  can  still 
provide  adequate  wear  life  in  gear  teeth  and  bearings  ; 
but  the  surface  roughness  must  be  low  enough  to  pre- 
vent progressive  metal-to-metal  contact  (see  par.  4- 
1.2.1).  | 

Synthetic  oil,  especially  MIL-L-23699,  has  a 
moisture  absorption  capability  and  its  lubricating 
ability  is  diminished  by  moisture  content.  Hence,  ex- 
treme care  should  be  exercised  in  the  design  and  lo- 
cation of  gearbox  vents  to  prevent  water  ingestion. 
Areas  where  atmospheric  air  can  impinge  directly  on 
shaft  seals  also  should  be  avoided.  Positioning  ro- 
tating shields  in  front  of  shaft  seals  is  a very  effective 
means  of  preventing  dust,  dirt,  and  moisture-laden 
air  from  being  ingested  into  the  gearbox.  ; 

Secondary  effects  of  moisture  absorption  are  in-  i 
ternal  corrosion.  Synthetic  lubricant  that  is  con-  ; 
laminated  with  moisture  becomes  highly  corrosive  to 
the  bare  steel  parts  inside  the  transmission,  with  the 
lower  roughness  surface  finishes  being  particularly 
susceptible.  It  should  be  noted  that  once  contami- 
nated with  water,  MIL-L-23699  does  not  release  that 
water  when  heated  to  normal  operating  temperature 
(>2I2°F).  Therefore,  both  the  poor  lubricating 
quality  and  adverse  corrosive  tendency  are  present, 
and  every  effort  should  be  made  to  prevent  moisture 
absorption. 

The  most  consistent  problem  facing  the  designer  of 
oil  lubricated  gearboxes  is  proper  sealing.  Leaking 
seals  represent  the  single  largest  replacement  item  or 
cause  for  removal  of  gearboxes  in  the  military  heli- 
copter (Ref.  33).  Although  it  is  infrequent  that  a seal 
leak  rate  is  sufficient  tor  depletion  of  the  gearbox 
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lubricating  oil  to  occur  in  a single  mission,  that  ap- 
pearance is  presented  nevertheless.  The  oil  residue 
from  a leaking  shaft  sea)  accumulated  on  the  sur- 
rounding components  is  so  extensive  that  a minor 
leak  manifests  itself  as  a major  problem.  Certainly  ef- 
fective seal  designs  sre  laboriously,  if  ever,  achieved. 
Carbon  face  and  circumferential  teals  required  for 
high-speed  arJ  high-temperature  applications 
generally  require  an  extensive  test  and  development 
program.  Elastomeric  shaft  seals  for  lower  speed 
applications  are  designed  more  easily  but  successful 
sealing  often  is  eqoallyfMifficult  to  attain. 
Investigations  are  being  conducted  continuously  by 
seal  manufacturers  and  users  to  develop  a uni- 
versally acceptable  and  effective  seal  design.  Based  on 
the  premise  that  no  seal  is  completely  effective,  one 
design  approach  that  can  be  taken  to  minimize  the 
leakage  problem  is  multiple  seals.  A shaft  seal  of  con- 
ventional design,  either  elastomeric  lip  seal  or  carbon 
face  seal,  can  be  used  in  conjunction  with  other  types 
of  seals  to  affect  seal  staging.  One  suitable  method  is 
to  use  an  inner  lip  seal  with  an  outer  labyrinth  seal. 
The  oil  lubricates  the  lip  seal,  which  assures  ade- 
quate seal  life,  while  the  labyrinth  provides  secondary 
anting  from  both  directions.  The  shielding  effect  of 
the  labyrinth  precludes  atmospheric  debris  that 
would  normally  accelerate  elastomer  and  shaft  wear 
from  collecting  on  the  lip  seal.  A routing  slinger  in 
close  proximity  to  the  housing  on  the  outside  will 
produce  further  baffling  and  increase  the  sealing 
effectiveness  and  seal  life.  Oil  that  weeps  past  the  lip 
seal  in  normal  operation  can  be  removed  through  an 
overboard  drain. 

Research  with  various  lip  conUct  configurations 
for  routing  shaft  lip  seals  has  shown  promise  during 
testing  but  no  striking  improvement  has  been  ob- 
served in  service.  A ribbed  lip  was  observed  to  pro- 
duce a pumping  action  that  prevented  oil  flow  from 
the  oil  side  of  the  test  gearbox.  Another  lip  design,  a 
waved  contact  lip,  produces  a similar  wiping  action 
and  retains  some  lubricant  on  the  seal-shaft  contact 
that  provides  good  sealing  and  coincident  lubri- 
cation. A radially  segmented  carbon  seal  has  been  ex- 
tensively tested  and  evaluated  at  NASA  for  high- 
speed shaft  sealing.  This  seal  consists  of  several  semi- 
circular segments  fitted  together  and  spring-loaded  to 
conUct  the  shaft.  In  operation  the  seal  lifts  off  slight- 
ly and  virtually  frictionless  contact  results. 

44 2 COOLING  REQUIREMENTS 

Determination  of  the  power  loss  in  bearings  and 
gears  as  described  in  pars.  4-2.2. 1 and  4-2.2, 2 pro- 
vides the  basis  for  determination  of  minimum  heat  re- 
jection requirements.  The  gearbox  frictional  losses 


and  windage  losses,  having  been  determined,  an  esti- 
mate of  the  oil  flow  requirements  can  be  made. 


44X1  Heat  Exchanger  Sizing 

The  maximum  size  required  for  a heat  exchanger, 
or  oil  cooler,  would  be  that  size  necessary  to  reject  all 
the  heat  losses  from  the  transmission.  On  the  other 
end  of  the  spectrum,  considering  forced  air  con- 
vection around  the  gearbox,  no  oil  cooler  may  be 
required.  This  would  occur  if  the  surface  area  were 
sufficiently  large,  heat  generation  low,  and  internal 
oil  flow  distribution  such  that  transfer  of  heat  to  the 
housing  inside  walls  were  adequate.  Characteristic 
heat  transfer  rates  from  aluminum  and  magnesium 
gearbox  housings  are  in  the  range  of  0.001  Btu/in.:- 
min-°F  (Ref.  4).  Hence,  when  the  friction  and  win- 
dage loss  has  been  determined  and  the  surface  area 
has  been  established,  it  easily  can  be  decided  whether 
an  oil  cooler  will  be  necessary.  Tail  rotor  drive  gear- 
boxes and  accessory  gearboxes  generally  fall  into  this 
category.  However,  in  the  interest  of  compact  design 
it  is  rare  that  no  cooler  is  required  for  a main  rotor 
gearbox.  A general  design  requirement  for  the  cooler 
is  to  reject  67%  of  the  heat  generated  from  the  gear- 
box during  critical  operating  conditions.  Critical 
operation  generally  occurs  during  hover  at  design 
gross  weight  in  hot-day  conditions  (35°C.  4000  ft), 
when  maximum  main  rotor  power  is  required  and 
forced  air  convection  is  minimal.  As  the  gearbox 
power-to-weight  ratio  increases  with  improvements 
in  design  and  material  technology,  larger  size  coolers 
will  be  required  to  reject  the  increased  amount  of  heat 
that  will  result  from  higher  specific  gear  and  bearing 
loads  and  decreased  wetted  areas  of  housings. 

The  physical  size  and  configuration  of  the  oil 
cooler,  together  with  oil  and  air  flow  rates  and 
pressure  drops,  can  be  determined  with  the  help  of 
the  cooler  manufacturer.  The  cooler  core  size  and 
density  are  determined  by  the  heat  rejection  require- 
ments and  the  available  airflow.  The  procedural  ap- 
proach to  cooler  size  determination  consists  of  the 
following: 

1.  Determine  heat  generated  in  the  gearbox  in  gear 
teeth,  bearings,  and  by  windage  loss  (par.  4-2. 2.2). 

2.  Determine  effective  external  wetted  area  of 
gearbox.  Effective  area  is  exclusive  of  appendages. 

3.  Apply  heat  transfer  factor,  0.001  Btu/in.'-min- 
°F  for  hot-day  performance  and  power  condition, 
and  take  algebraic  difference  between  heat  generated 
and  heat  transferred. 

4.  If  heat  generated  exceeds  heat  transferred,  then 
a cooler  will  be  required  to  reject  the  excess  generated 
heat. 
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S.  Dncmiac  location  for  cooling  fan  and.  baaed 
on  required  beat  rejection  rate  of  tbc  cooler,  choose  a 
fan  (bat  will  meet  tbc  airflow  requirements  of  tbc 
cooler.  Cooler  specifications  to  be  met  ere: 


* Rated  oil  flow 

gpm 

Rated  air  flow 

tb/min 

* Rated  best  rejection 

Btu/min 

* Oil  inlet  temperature 

•F 

* Oil  out!  * temperature 

*F 

* Oil  inks  pressure 

P«S 

* OU  pressure  drop 

P* 

Air  stetic  pressure  drop 

in.  H,C 

("Three  values  will  be  estabhihed  by  tbc  system 

design  and  the  heat  rejection  requirements.) 

Any  number  of  actual  combinations  of  airflow  and 
cooler  sixes  can  meet  tbc  established  heat  rejection 
requirements.  However,  the  final  choice  will  be  based 
upon  tbc  system  interfaces,  i.c.,  available  fan  drive 
power;  location  of  fan  and  ducting  required;  fan  size 
limitations  imposed  by  surrounding  airframe  or  other 
hardware;  and  resulting  limi  anions  on  airflow  cooler 
location,  and  sine  limitations.  The  nccessaty  cal- 
culations for  a cooler  and  fan  design  are  presented 
fulsy  in  Ref.  i <5. 

4-4 .2.2  Cooling  Faa  Siting 

Sizing  of  the  cooling  fan  can  be  accomplished  by 
the  method  described  in  Chapter  8,  AMCP  706-201. 
The  airflow  requirements  (volume,  pressure,  and 
velocity)  will  be  determined  by  the  heat  rejection 
required  of  the  cooler,  the  oil  flow  rate,  and  cooler 
core  parameters.  Based  on  the  required  airflow,  a fan 
that  will  interface  with  the  available  drive  and  space 
can  be  designed  to  meet  the  requirements.  Both  axial 
and  centrifugal  flow  fans  arc  used  in  cooler  blowers. 
Choice  of  the  type  of  fan  is  dependent  upon  airflow 
volume  and  pressure  requirements.  The  axial  fan 
generally  is  used  where  higher  shaft  speeds  are  avail- 
able, and  pressure  head  at  the  cooler  is  high.  The  cen- 
trifugal flow  fan  generally  is  used  where  high  volume 
flow  at  lower  pressures  is  required.  An  adverse  side- 
effect  possible  with  the  axial  flow  fan  is  a high  pitch 
noise. 

4-4.3  EMERGENCY  LUBRICATION 

Design  of  a power  transmission  system  to  meet 
specific  emergency  operation  requirements  entails  a 
comprehensive  evaluation  of  each  and  every  dy- 
namic component  that  car.  influence  the  loss  of  drive 
continuity  as  a result  of  interruption  or  loss  of  lubri- 
cation. Redundancy  of  power  paths,  dormant  auxil- 
iary lubricants,  secondary  cooling  systems,  and 
specific  design  tolerances  are  considerations  directly 
. pertinent  to  emergency  lubrication  or  operation 


without  benefit  of  primary  lubrication  and  coolsag 
systems.  Much  work  has  been  accomplished  in  es- 
fbrishieg  and  evaluating  design  parameters  as- 
sociated with  emergency  operation,  ix.,  fail-safe 
design  (Reft.  33.  37,  and  31).  Tbc  basic  criterion  that 
has  bean  osubitsbed  is  safe  continuation  of  flight  for 
a minimum  of  30  min  subsequent  to  total  loss  of 
lubricant.  As  a minimum,  the  continuing  flight  abaft 
be  at  the  power  level  required  to  maintain  the  speed 
tor  maximum  range  at  sea  level  standard  conditions. 

Lous  of  lubricant  initially  is  synonymous  with  loss 
of  cooling  and  is  followed  immediately  by  an  in- 
creese  in  the  coefficient  of  friction  with  attendant  in- 
crease in  beat  generation,  due  to  the  change  to  dry 
operation.  As  the  primary  beat  transfer  medium  of 
oil  is  lost,  an  immediate  heat  buildup  occurs  at  the 
heat-generating  points;  and  tbc  secondary  heat 
transfer  paths  become  paramount.  If  unstabilized 
healing  it  to  be  averted,  the  heat  generating  clement 
must  maintain  a balance  of  heat  generated  to  heat 
transferred  through  the  secondary  medium  at  a 
maximum  temperature  that  is  safe.  Heat  sources 
(gears  and  bearings)  must  be  designed  to  minimize 

uij  uiviiiifi  Iwggii,  «»iu  iuc  |uiciiicv  titmi  niii»i  ut 

transferred  away  by  the  most  efficient  means  avail- 
able. 

Gears  designed  for  fail-safe  operation  must  have 
sufficient  clearance  to  prevent  interference  at  the 
highei  stabilized  temperature.  The  clearance  neces- 
sary is  determined  by  calculating  the  differential  ex- 
pansion between  steel  gear  centers  and  the  same  dis- 
tance in  the  housing,  which  is  usually  nonferrous 
material.  For  instance,  a gear  set  consisting  of 
straight  spurs  operating  at  a center  distance  Lco  of 
6.0  in.  and  a normal  operating  temperature  of  200  *F 
may  attain  a temperature  of  900  “F  while  the  alumi- 
num housing  containing  the  gears  (and  bearings)  only 
rises  to  400°F.  The  rate  of  expansion  of  the  steel  Sfe  is 
6.5  x 10~‘  in./in.-°F  and  the  aluminum  expansion 
rate  Sft  is  12  X I0_*  in./in.-°F.  The  differential 
amount  of  expansion  would  then  be 

^ft  ~ ^7 'ai&a/)  X La, 

- K r,  - T,)fe  hFt  - (7:  - r.)^,] 
x Lcd 

* [(MO  - 200) (6.5)10  * -(400  - 200) 
(12)10-*)  X6.0 

- [(700)(6.5  X 10'*)  - (20Q)(12)(lO-‘)l 
X 6.0 

* [(45.5)10  * - (24)10  •]  X 6.0  (4-61!) 

» 0.013  in. 

The  significance  of  the  preceding  calculation  is  that 
the  gears  expand  in  a radial  direction  toward  each 


«Hmt  lo  wrfwi  nmaiag  clearance  more  ikio  Uw 
boswang  «f«i4  to  taporate  Uw  (Dili.  In  Uw  mm- 
pit,  to  aMam  ior  apwtiw  at  Uw  astwawd  coodfeiom 
wtebawt  jn>i  ikaaen*  Uw  teeth  would  have  to  be  cut 
Utepar  (Mtaflar  root  dimeters)  aed/or  the  outside 
dwawtori  datsaaeed,  equivalent  to  spreading  Uw  gear 
oaatan  bj  a total  of  &0I3  ia. 

The  mow  type  of  cakulotioo  c*,.  ee  node  for  ball 
aod  roHar  bearings  on  a redial  clearance  basis  end  for 
dapfex  baH  bantings.  considering  coated  aof  on  a 

radial  and  mud  bow.  Radial  growth  characteristics 
la  twnriags  aad  paan  aad  Uw  effects  of  dry  running 
are  presented  ia  Ref.  38.  Optimum  design  for  mini- 
amai  friction  loaa  ia  pears  aad  bearings  is  covered  ia 
par.  4-2.2. 

To  operate  a fear  or  bearing  at  temperatures  of 
WF  aad  above,  a is  wscaii)  that  the  component 
be  fabricated  from  ncferiaUi)  that  exhibit  a 
wneaaablc  tohnace  to  high  temperature.  Materials 
aejhar  AMS  *473  (Niti&,0;  N)  and  AMS  6490  (M- 
90)  are  wall  suited  to  the  purpose.  AMS  6490  ex- 
hibits cxcaltcat  hot  hardness  characteristics  and  has 
proves  to  be  one  of  Uw  most  fatigue  resistant  bearing 
materials  available.  AMS  6473  is  e precipitation 

haaianiaa  —at  ■ want  txaiialmj  >ia— I b—  W— IiaajbIb .»  i«ab»iwb> 
■aMtnaaat^i  as— wwa  —a  w a—j  earn a— a mi  hvmwjt»v* 

which  alao  exhibits  high  hot  hardness  character  • tries. 
The  more  common  psu  aad  bearing  materials,  AMS 
6263  and  AMS  6444,  respectively,  do  not  have  high 
hot  hardness  characteristics,  but  they  can  withstand 
modarate  loads  for  a short  period.  Fail-safe  opera- 
tion for  30  min  can  be  obtained  using  AMS  C26S  and 
AMS  6444  gears  and  bearings,  but  the  applications 
are  limited  to  moderate  power  levels  »r>d  speeds. 

Bearing  cages  are  also  critical  to  liie  design  of  fail- 
safe bearings.  Bronze  and  plastic  materials  »rc  not  ac- 
ceptable for  fail-safe  operation.  The  characteristic 
failure  mode  tor  a bearing  with  a bronze  cage  is  me- 
chanical plating  of  the  bronze  onto  the  rolling  ele- 
ments with  immediate  loss  of  running  clearance  and 
temperature  instability,  followed  by  seizure.  Plastics 
such  as  nylon.  Teflon  (teirafluoroethylcnc)  and 
fiberglass  offer  little  resistance  to  failure  at  elevated 
temperatures.  Carbon  graphite  is  an  excellent  cage 
material  for  dry  operation,  but  its  tensile  strength  is 
too  low  for  normal  use.  Manufacturing  problems  and 
•crap  rates  are  significant;  carbon  cages  can  be  ar- 
mored with  steel  reinforcing  rings  and  side  plates  but 
the  cost  is  quite  high.  The  most  adaptable  cage 
material  at  the  present  time  appears  to  be  mild  steel 
with  silver-plated  pockets.  Dry  friction  between  the 
rolling  elements  and  the  silver-plated  cage  is 
moderate,  and  the  sled  retains  adequate  strength  for 
this  application.  Clearances  are  necessarily  a very  im- 
portant part  of  the  cage  design.  Outer-Und-riding 


caps  offer  Uw  risk  of  entrapping  dag-type  debris 
betweca  the  cage  and  Uw  outer  laud,  with  fracture  or 
admire  pawbk,  white  inner- land- riding  cages  risk 
fees  of  ctesr&acc  due  to  thermal  differentiate  between 
the  cage  and  the  inner  ring  of  the  bearing.  The  most 
difficult  cage  design  is  seen  in  high  speed  bearings.  It 
ia  desirable,  especially  ia  roller  bearings,  to  provide 
wuwr-land-riding  cages  with  inner  ring  through- 
lubrication  to  make  maximum  advantage  of  the  trac- 
tion force  vectors.  Also,  it  is  desirable  to  minimize 
guiding -laad-to- cage  ctearance  from  a dynamic 
balance  standpoint.  Therefore,  if  normal  high  speed 
design  parameters  are  followed,  risk  of  seizure  or 
“burn-out"  of  the  bearing  inertsses  for  dry  opera- 
tion. 

Several  mesne  of  augmenting  lubrication  or  sup- 
plying lubricant  after  lose  of  the  primary  oil  system 
that  may  be  developed  arc: 

1.  Inclusion  inside  rotating  shafts  of  high  melting 
point  lubricant  that  melts  and  flows  into  bearings  and 
onto  gears  sftu  dry  running  commences 

2.  Providing  oil  traps  with  metering  holes 

3.  Wtckiag  oil  into  bearings  from  oil  absorbing 
materials 

4.  Encapsulating  lubricant  in  containers  with  he&t 
activated  drain  plugs 

3.  Providing  auxiliary  (idler)  gears  of  oil  ab- 
sorbing or  dry  lubricant  material  to  mesh  with  power 
gears. 

4-5  ACCESSORIES 

64.1  PAD  LOCATION  AND  DESIGN 
CRITERIA 

On  small  helicopters  the  accessories  may  consist 
only  of  an  oi|  pump,  hydraulic  pump,  tach  generator, 
and  cooler  fan.  A simple  co-axiai  arrangement  of  oii 
pump,  tach  generator,  and  hydraulic  pump  as  on  the 
OH-38A  may  be  the  most  effective  means  of  ar- 
ranging an  accessory  drive.  The  accessories  arc  driven 
by  a concentrated  contact  spiral  bevel  pinion 
powered  by  the  input  bevel  gear. 

On  medium  weight  helicopters,  where  system  re- 
dundancy may  be  required,  multiple  accessory  pads 
usually  can  be  provided  on  the  main  gearbox.  Hy- 
draulic pumps  for  primary  control  actuation  must  oc 
located  at  widely  displaced  locations  to  thwart  loss  of 
both  systems  to  a single  small  arms  bullet.  The  size  of 
the  main  gearbox  normally  will  be  adequate  to  tllow 
such  displacement  while  still  providing  pads  for 
generators,  tach  drive,  etc.  Accessibility  for  main- 
tenance must  still  be  a prime  criterion  for  location. 

On  large  helicopters  the  most  effective  means  of 
providing  accessory  drives  normally  is  from  • gear- 
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box  remote  from  the  mxin  rotor  gearbox.  Multiple 
•ysionu  with  redundancy  become  imperative,  and  the 
complexity  and  power  required  for  ground  checkout 
establishes  the  need  for  an  auxiliary  power  unit 
(APU).  With  multiple  drive  pada  and  high  con- 
tinuous power  requirement  the  remote  accessory 
drive  gearbox  must  have  a recirculating  oil  system, 
complete  with  oil  pump  and  niter.  For  emergency 
lubrication  considerations,  the  gearbox  must  be  self- 
contained  to  prevent  oil  depletion  from  the  main 
transmission  in  the  event  of  the  accessory  gearbox 
being  hit  by  smalt  arms.  The  location  for  the  ac- 
cessory gearbox  must  not  introduce  unacceptable 
noise  levels  in  crew  compartments. 


4-&2  ACCESSORY  DRIVE  DESIGN 
REQUIREMENTS 


Accessory  gearbox  design  and  configuration  fac- 
tors must  be  compatible  with  the  main  gearbox 
power  takeoff,  airframe  and  cowling,  work  platform 
provisions,  CG.  and  minimization  of  gear-induced 
noise.  Particular  drive  pad  power  requirements  arc 
determined  by  the  accessory  (hydraulic  pump, 
generator,  alternator,  etc  V and  the  proper  MS. 
AND,  or  QAD  pad  must  be  provided  to  meet  the 
continuous  power  rating  and  seizure  torque  level. 
The  accessory  drive  shall  normally  is  provided  with  a 
shear  section  that  must  fail  in  the  event  of  seizure  of 
the  accessory  rather  than  permit  damage  to  the  ac- 
cessory gearbox.  Coincidentally  the  accessory  drive 
gearbox  must  be  provided  with  a connecting  drive 
shaft  system  that  will  isolate  e fleets  of  accessory  gear- 
box seizure  from  the  main  rotor  gearbox.  Multiple 
clutch  arrangements  are  required  to  provide  isolation 
of  the  APU  during  normal  helicopter  operation  and 
ov*r«!n!i!«-  isolation  sf  the  gearbox  from  the  ir.air. 


rotor  gearbox  during  APU  drive  (ground  checkout, 
etc.).  APU  shaft  mounted  centrifugal  clutches  arc 
wdl  suited  to  the  former  application  and  one-way 
sprag  clutches  arc  well  suited  to  the  latter.  Func- 
tionally. the  APU  must  power  the  accessory  gearbox 
by  driving  through  the  APU  input  clutch  while  the 
main  gearbox  drive  is  disengaged  by  means  of  the 
one-way  sprag  clutch  in  the  accessory  gearbox.  Con- 
vctscly,  tut  the  main  rotor!*)  become  opciativc.  the 
APU  is  shut  down  and  disengaged  while  the  main 
rotor  gearbox  drives  into  the  accessory  gearbox 
through  the  one-way  clutch.  Additional  clutches  may 
be  required  to  limit  the  number  of  accessory  drives 
that  operate  during  ground  operation. 


*5.3  SPECIAL  REQUIREMENTS 

As  mentioned  previously,  the  noise  generated  by 
the  accessories  must  be  considered  in  the  choice  of 


gearbox  location.  The  hydraulic  pumps  arc  especially 
severe  noise  generators  and  close  proximity  to  a crew 
compartment  can  cause  intolerable  high-pitch  sound 
level*.  Elastomeric  mounts  can  be  an  effective  noise 
isolation  means.  APU  exhaust  ducting  must  be  ade- 
quate to  prevent  noxious  gas  and  heat  from  invading 
the  personnel  compartments.  As  with  other  gear- 
boxes accessibility  must  be  provided  to  oil  level  in- 
dicators for  preflight  maintenance.  One  man  should 
be  able  to  change  accessories  without  assistance. 
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CHAPTEF  5 

ROTOR  AND  PROPELLER  SUBSYSTEM  DESIGN 

LIST  OF  SYMBOLS 


A 

=*■  propeller  inflow  angle,  de3 

K 

” coefficient  dependent  upon  mass  distribu- 

a 

” speed  of  sound,  fps 

tion  and  the  mode  of  vibration,  dimension- 

On 

” coefficient  which  is  dependent  upon  mass 

less 

and  stiffness  distribution  and  has  a differ- 

KE 

“ kinetic  energy,  ft-lb 

ent  value  for  each  mode  of  vibration,  di- 

A  Er 

* rotational  kinetic  energy,  ft-Sb 

mensionless 

u 

“ wing  lift,  lb 

B 

= tip  loss  factor,  dimensionless 

l 

* length,  in. 

BL 

” blade  loading,  lb/ft2 

M 

* bending  moment,  in.-lb  or  ft-lb 

b 

« number  of  blades 

M 

*•  Mach  lumber,  dimensionless 

b, 

r blade  semichord,  ft 

^adv  tip 

= advancing  tip  Mach  number,  dimension- 

C 

” empirical  constant,  dimensionless 

less 

CD 

* mean  rotor  blade  profile  drag  coefficient. 

m 

*=  mass  per  unit  length  of  the  beam,  slug/in. 

dimensionless 

mR 

- mass  of  spanwise  increment  at  outboard 

CL 

= coefficient  of  lift,  dimensionless 

end  of  blade  (K),  slug 

* mean  rotor  blade  lift  coefficient,  dimen- 
sionless 

m. 

■*  mass  of  spanwise  increment  at  inboard  end 
of  blade  (c).  slug 

c„ 

■ coefficient  of  pitching  moment,  dimension- 

"/ 

- load  factor,  dimensionless 

less 

n 

■ the  number  of  vibratory  stress  cycles  ac- 

CF 

- power  coefficient,  dimensionless 

cumulated  a!  a particular  stress  level  or  at  a 

thrust  coefficient,  dimensionless 
distance  from  beam  neutral  axis  to  outer 
fiber,  in. 

airfoil  section  drag  coefficient,  dimension- 
less 

airfoil  section  lift  coefficient,  dimension- 
less 

maximum  section  lift  coefficient,  dimen- 
sionless 

propeller  diameter,  ft 
modulus  of  elasticity,'  psi 
excitation  factor,  dimensioniess 
stiffness,  ib-in.1 

location  of  flapping  hinge  from  the  center 
of  rotation,  in. 
force,  lb 

acceleration  due  to  gravity,  ft/sec2 
profile  power  requited,  hp 
mass  moment  of  inertia,  slug-ft2 
moment  of  inertia,  in.* 
polar  moment  of  inertia  (per  blade  for  a 
tail  rotor),  slug-ft2 

propeller  mass  moment  of  inertia,  slug-ft2 
mass  moment  of  inertia  of  the  rotor, 
slug-ft2 

helicopter  yaw  mass  moment  of  inertia, 
slug-ft2 

ratio  of  total  tail  rotor  thrust  to  net  tail 
rotor  thrust,  dimensionless 
notch  factor,  dimensioniess 
gust  alleviation  factor,  dimensionless 


particular  operating  condition 
n » tail  rotor  rotational  speed,  rev/sec 
rig  - gust  load  factor,  dimensioniess 
P “ actual  powet  required,  hp 

P ~ pressure,  psi 

Qe  =*  engine  torque,  units  as  required 
QP  ■ propeller  torque,  Ib-ft 

Qmr  = main  rotor  torque,  Ib-fi 

q - dynamic  pressure,  lb/ft2 

R = propeller  tip  radius,  ft 

R *»  rotor  radius,  units  as  required 
, , main  rotor  blade  radius,  ft 
Rlr  = tail  rotor  radius,  ft 

R"  * outside  blade  radius,  in. 

r ■ radius,  ft 

r - radius  of  curvature,  in. 

S = Laplace  operator,  sec-1 

SFP.  = stall  flutter  parameter,  dimensionless 

■S/A  = ratio  of  blocked  disk  area  to  total  disk  area. 

dimensionless 
T * thrust,  lb 

A T - change  in  thrust,  lb 

T/A  = tail  rotor  disk  or  thrust  loading,  psf 
7"p  **  tail  rotor  tin  ust  required  to  compensate 

for  main  rotor  torque,  lb 
Tlr  ~ total  tail  rotor  thrust  required,  lb 

T , = total  tail  rotor  thrust  minus  the  fin  force, 

nff 

lb 

t = propeller  axis  downtilt  from  wing  zero-lift  - 
line,  deg 

V « true  airspeed,  kt 
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V - average  velocity  of  contacting  surfaces, 

fom 

V,  - indicated  airspeed,  kt 

K = induced  velocity,  fps 

V,  » vertical  airspeed,  fps 

W = gross  weight,  lb 

Wa  « aft  adjustable  weight,  lb 

H-/  =■  forward  adjustable  weight,  lb 

WF  - propeller  weight,  lb 

W = maximum  allowable  weight  for  abrasion 

"Ml  .. 

strip,  !b 

W.  = minimum  allowable  weight  for  abrasion 

Ml"  ,, 

strip,  lb 

»v  = disk  loading,  b/ft1 

Jf  = distance  between  center  of  main  rotor  and 

tail  rotor-antitorque  moment  arm,  ft 

X - dynamic  axis,  in. 

AA'  = clearance  between  main  rotor  and  tail 
rotor  blade  tips,  ft 

x = chordwisc  distance  from  blade  leading 
edge  to  centroid  of  mass  increment,  in. 

Y = spanwisc  distance  from  flapping  hinge  to 

centroid  of  mass  increment,  in. 
n o rotor  angle  of  attack,  deg 

0 =*  rotor  blade  coning  angle,  deg 

0 = propeller  blade  angle,  deg 

7 = Tan-'«VCt) 

<5,  = pitch-flap  coupling  angle,  positive  if  pitch 

is  decreased  when  the  blade  flaps  up,  deg 
0 = rotor  blade  angle,  deg 

u = advance  ratio,  dimensionless 

n = coefficient  of  friction,  dimensionless 

fig  = rotor  mass  ratio 

p = air  density,  slug/ft' 

<r  = standard  deviation,  defined  as  the  root- 

mciirv square  vsluc  of  th*  dev iu*icr»s  He- 
tween  individual  data  points  and  the  mean 
<r  = rotor  solidity,  dimensionless 

<jb  » blade  bending  stress,  psi 

nh  = rotor  blade  solidity,  dimensionless 
$ = propeller  inflow  angle,  deg 

$ = yaw  rate,  rad/sec 

^ =■  yaw  acceleration,  rad/scc1 

fl  = rotor  angular  velocity,  rad/scc 

fly,  = tail  rotor  angular  velocity,  rad/sec 
fy,  = rotor  tip  speed,  fps 

fl,  « precession  velocity,  rad/sec 

w = propeller  speed,  rad/sec 

w,  = natural  torsional  frequency,  rad/sec 

u'Hn  = natural  frequency  of  a rotating  beam, 
rad/scc 


5-1  INTRODUCTION 

In  general,  all  rotors  and  propellers  arc  mechani- 
cal devices  used  to  produce  thrust  by  accelerating  a 
fluid  mass.  They  range  in  sophistication  from  simple 
two-bladed,  tixcd-pitch  configurations  to  coaxial 
counterrotation  systems  with  individual  rotor  collec- 
tive and  cyclic  pitch  control  The  analytical  tech- 
niques for  all  types  arc  very  similar.  However,  there 
are  minor  variations  in  the  definition  of  rotor-pro- 
peller nondimcnsional  parameters  which  prove  to  be 
unimportant  once  it  is  realized  that  data  can  be 
transposed  readily  from  one  format  to  another. 

The  overall  performance  of  a rotor  or  propeller 
may  be  described  by  its  tip  speed,  airfoil  character- 
istics, solidity  ratio,  and  disk  loading.  Rotational  in- 
ertia also  is  important  to  rotor  design  because  it 
affects  helicopter  autorotational  performance.  Based 
upon  selected  values  for  these  parameters,  the  detail 
design  of  the  rotor  is  largely  a task  of  optimizing  the 
configuration  in  terms  of  the  number  of  blades,  flap- 
ping and  inpiane  freedoms,  dynamic  response  to 
externally  applied  cyclic  forces,  and  the  assurance 
that  the  hardware  can  be  built  with  a fatigue  or  ser- 
vice life  compatible  with  the  design  requirements. 

The  paragraph  addressing  design  parameters  re- 
views those  preliminary  design  factors  which  will  be 
converted  to  useful  hardware  in  the  design  of  the 
rotor  system. 

The  paragraph  on  rotor  system  kinematics  dis- 
cusses the  blade  motions  to  be  accommodated  in  the 
detail  design;  in  particular,  the  flapping,  leading,  and 
blade-feathering  motions.  Typical  rotor  systems  ac- 
commodate these  metions  by  means  of  teetering,  ful- 
ly articulated,  or  hingcless  hubs.  The  paragraph  also 
describes  a number  of  methods  that  provide  for  both 
cyclic  and  collective  feathering  of  individual  blades. 

The  paragraph  on  rotor  system  dynamics  addresses 
the  internal  stiffness  and  mass  distributions  of  the 
rotor  blades,  and  the  relative  effects  of  these  factors 
on  acroclastic  stability,  vibration  response,  flutter, 
ground  resonance,  and  other  phenomena  related  to 
system  damping  and  periodic  forcing  functions.  Also 
covered  in  this  paragraph  are  rotor  responses  to  such 
transient  excitations  as  gusts  and  acoustic  loadings. 

The  discussion  of  blade  retentions  includes  the 
various  means  of  attaching  the  blades  to  the  rotor 
hub.  Among  these  are  elastomeric  bearings,  tension- 
torsion  straps,  and  antifriction  bearings.  Also  de- 
scribed are  auxifavy  devices  used  at  the  hub  to  alle- 
viate blade  forces  associated  with  blade  pitch,  and  the 
lag  hinge  dampers  used  to  dissipate  the  excess  energy 
of  the  inplane  motion  of  the  blades.  Blade- folding 
provisions,  both  manual  and  powered,  arc  discussed 
as  well. 
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The  paragraph  on  rotor  blades  discusses  trade-offs 
in  blade  geometry,  such  as  airfoi!  section  and  root-to- 
tip  taper  and  twist,  and  their  relationship  to  the  cor- 
responding parametric  analyses  discussed  in  AMCP 
706-201.  Design  considerations  that  provide  for 
manufacturing  simplicity,  inscrvicc  adjustments  of 
blade  balance  and  track,  and  the  blade  materials  and 
joining  techniques  needed  to  position  masses  and 
stiffnesses  properly,  are  addressed.  Also  discussed  arc 
rotor  system  fatigue  lives. 

The  paragraph  on  propellers  deals  generally  with 
the  design  requirements  for  propellers  and  develops 
design  considerations  in  the  same  manner  as  do  prior 
paragraphs  for  rotors. 

The  paragraph  on  antitorque  rotors  reviews  the 
knowledge  gained  in  recent  years  concerning  the 
desirable  direction  of  rotation,  the  Happing  freedom 
required,  the  merits  of  pusher  versus  tractor  con- 
figurations, etc.  The  advent  of  “Hat-rated"  engine- 
transmission  systems  with  high-altitude  capability 
has  placed  additional  demands  on  tail  roior  conti  ol 
power.  Additionally,  the  airspeeds  encountered  in 
normal  operation  have  increased  markedly,  creating 
adverse  environmental  conditions  for  tail  rotors. 
These,  and  other  problems,  are  discussed  in  light  of 
the  lastest  knowledge. 


5-2  DESIGN  PARAMETERS 
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The  selection  of  rotor  parameters  is  quite  complex, 
as  each  major  variable  interrelates  with  all  other  vari- 
ables. The  basic  analytical  procedure  for  determining 
rotor  performance  arc  outlined  in  Chapter  3,  AMCP 
706-201.  Included  is  a discussion  of  the  type  of  para- 
metric analysis  required  to  optimize  a rotor  fo'  * 
given  group  of  performance  requirements.  The  dis- 
cussion herein  supplements  that  description  of  pre- 
liminary design  procedures,  with  emphasis  upon  the 
considerations  pertinent  to  the  detail  design  phase. 

The  paran  iters  that  are  considered  in  connection 
with  rotv,r  performance  include: 

1.  Disk  loading 

2.  Blade  loading 

3.  Blade  tip  Mach  number  and  advance  ratio 

4.  Number  of  blades 

5.  Blade  twist 

6.  Airfoil  section(s). 

For  an  Army  helicopter  that  will  be  required  to 
operate  in  the  nap-of-the-earth  and  in  combat,  com- 
pliance only  with  specified  performance  requirements 
will  not  produce  an  acceptable  design.  Additional 
design  criteria  that  may  or  may  not  be  defined  quan- 
titatively for  a particular  helicopter  rotor  include: 

1.  Maneuverability 

2.  Noise 


3.  Radar  cross  section 

4.  Damage  tolerance  against 

a.  Striking  a solid  object  such  as  tree  limb 

b.  Being  struck  by  weapon  fire,  cither  solid  or 
HE 


5.  Repairability 

6.  Fatigue  life 

7.  Weight 

8.  Cost 

Specific  values  of  the  performance  parameters  prob- 
ably will  have  been  selected  during  preliminary 
design.  Compliance  with  the  operational  criteria  is 
dependent  largely  upon  the  materials  and  method  of 
manufacture,  which  will  be  selected  during  detail 
design. 

The  design  problem  initially  is  broken  down  into 
the  requirements  for  hover,  high-speed  level  flight, 
and  high-speed  maneuvering  and  each  is  discussed  in- 
dependently. The  total  problem  then  is  considered 
and  some  approaches  arc  offered. 


5-2.1  HOVER 

Selection  of  the  optimum  hovering  rotor  involves 
ail  the  performance  related  parameters  listed  previ- 
ously. with  the  exception  of  advance  ratio.  Hover 
power  is  divided  into  “induced  power"  (that  d'.trgc- 
ablc  to  providing  lift)  and  “profile  power"  (that 
chargeable  to  blade  profile  drag). 

5-2.1, 1 Disk  Loading  amt  Induced  Power 

The  relationship  between  induced  power  and  disk 
loading  is  described  in  Chapter  3,  AMCP  706-201.  A 
more  extensive  discussion  can  be  found  in  Ref.  I . 

Disk  loading  frequently  is  determined  by  factors 
other  than  performance.  For  example,  a requirement 
for  air  transportability  may  dictate  a fuselage  length 
limitation  that,  in  turn,  will  limit  the  rotor  diameter. 
Rotor  down  wash  and  wake  effects  also  are  involved 
because  induced  velocity  is  pioprotional  to  the 
square  root  cf  the  disk  loading.  Thus,  the  higher  the 
disk  loading,  the  higher  the  induced  -—  or  hovering 
downwash  — velocity,  which  will  result  in  increased 
ground  erosion  and  greater  difficulty  for  personnel 
and  cargo  operations  in  rotor  wake  areas. 

Another  effect  of  disk  loading  on  performance 
concerns  vertical  drag,  or  download.  Vertical  drag 
results  from  the  impingement  of  the  wake  upon  the 
fuselage,  horizontal  tail,  and  wings  (if  any).  The  efTect 
of  vertical  drjg  appears  as  an  increment  of  rotor 
thrust  required  over  and  above  the  vehicle  weight. 
However,  evaluation  of  vertical  drag  is  not  precise. 
One  of  the  methods  described  in  par.  3-2. 1.1.9, 
AMCP  706-201,  employs  wake  velocity  distribu- 
tions, such  as  those  given  in  Ref.  2,  to  obtain  dy- 
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n»mic  pressure  distribi  lions.  Drag  coefficients  are  es- 
tablished consistent  with  the  body  shapes  in  the 
wake,  and  th ' vertical  drag  is  calculated  by  a strip 
analysis.  One  weakness  of  this  method  is  the  relative 
inaccuracy  of  the  wake  geometry  described  in  Ref.  2. 
Improved  accuracy  of  vertical  drag  calculations  is 
desirable  although  this  may  require  extensive  devel- 
opment of  more  refined  wake  analyses.  Model  tests 
can  be  performed  with  scaled  rotor  and  airframe 
models.  However,  Reynolds  number  effects  on  data 
from  these  tests  can  be  significant.  For  conventional 
helicopter  shapes  (without  wings)  and  values  of  disk 
loading,  download  is  normally  about  4-6%  of  the 
vehicle  gross  weight. 

Hovering  induced  power  also  is  affected  by  blade 
twist.  Tiiis  effect  is  due  primarily  to  alterations  in 
spanwise  load  distribution  as  a result  of  twist.  Ref.  1 
details  twist  effects  for  the  "ideal"  rotor.  Tw>st  selec- 
tion for  the  actual  rotor  is  covered  in  par.  J-2.1.5. 

The  "swirl",  or  inplane  component  of  induced  ve- 
locity is  another  factor  that  affects  induced  power. 
This  inplanc  component  frequently  is  omitted  in  the 
determination  of  the  induced  power  of  the  rotor  in 
hover  or  axial  flight.  Fig.  5-1,  based  on  work  reported 
in  Ref.  3.  shows  that  the  swirl  velocity  effectively 
reduces  the  magnitude  of  the  rotational  velocity  seen 
by  the  blade  clement.  For  lightly  loaded  rotors,  this 
swirl  component  can  be  considered  insignificant,  but 
it  can  be  substantial  in  the  more  heavily  loaded  rotors 
used  today.  In  general,  swirl  effects  should  be  in- 
cluded in  hovering-power-required  computations  un- 
less disk  loading  w < 3.5. 

5-2. 1.2  Blade  Loading 

The  thrust  produced  by  a rotor  per  unit  of  blade 
area  is  the  blade  loading  BL.  This  parameter  can  be 
defined  most  simply  in  term*  of  the  disk  loading  w 
and  the  rotor  solidity  a. 

BL  - — . Ib/ft'  (5-1) 


where 

h>  “ disk  loading,  Ib/ft3 
a • rotor  solidity,  blade  area/disk  area,  di- 
mensionless 

More  meaningful  than  this  parameter  is  the  rocf.ri 
blade  lift  coefficient  <fL.  This  coefficient  can  be  uied 
to  define  the  aerodynamic  operating  point  for  the 
rotor  blade  airfoil  sections  and,  therefore,  to  deter- 
mine the  drag  coefficient.  The  profile  power  required 
HP0  is  proportional  to  the  mean  drag  coefficient  CD, 
and  can  be  expressed  as 


- 440fT  • hp 


(5-2) 
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Fig urt  5-1.  Vector  Diagram  of  Swirl  in  Hover 


where 

“ mean  rotor  profile  drag  coefficient,  di- 
mensionless 
JR  * rotor  radius,  ft 

p - air  density,  slug/ft: 

fl  “ rotor  angular  velocity,  rad/sec 

The  mean  rotor  profile  drag  coefficient?/,  is  a 
function  of  tlic  mean  blade  lift  coefficient  CL.  In  the 
"ideal"  case  (Ref.  I)  CL  = 6 CT/a 


(5-3) 

o oirR:p(flR): 

and 

cy  h’ 

n np(UR): 

1-5-4) 

where 

Cr  » thrust  coefficient,  dimensionless 

T * thrust,  lb 

ilR  =>  rotor  tip  speed,  fps 

For  the  more  realistic  case,  where  tip  losses  and 
other  effects  are  considered,  7?L  can  be  described 
more  accurately  as  lCT/a  (see  par.  3-2,  AMCP  706- 
201).  Also,  a single  curve  of  airfoil  section  lift  and 
drag  coefficients  r,  and  cd  characteristic  of  the  section 
is  not  representative  of  the  actual  rotor  case,  where 
Reynolds  number  and  compressibility  effects  are 
significant.  When  there  arc  spanwise  variations  in 
blade  planform  and/or  airfoil  shspe,  the  actual 
values  of  these  characteristic  coefficients  deviate  even 
further  from  the  ideal.  ^ 

The  relationship  between  and  'dD  can  be 
developed  from  flight  tests  of  rotor  configurations 
similar  to  the  one  being  designed  (i.c.,  similar  in 
Mach  number,  twist,  and  airfoil  sectic.is);  or  it  may 
be  developed  from  detailed  power-required  calcu- 
lations that  include  the  spanwise  variation  of  all  para- 
meters. 

The  optimum  value  of  mean  blade  lift  coefficient 
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7,  generally  is  that  value  corresponding  to 
(C^/CflX^Ref.  4).  Further,  it  is  preferable  to  obtain 
a blade  configuration  (planform,  twist,  and  airfoil 
section(a) ) such  that  the  ratio  of  section  lift  ind  drag 
coefficients  c,/cd  is  maximum  simultaneously  all 
along  the  blade  span. 

M.D  Blade  Tip  Mach  Nawber 

Performance  and  weight  considerations  generally 
arc  in  conflict  when  efforts  are  made  to  optimize 
rotor  tip  speed.  High  tip  Mach  numbers  (greater  than 
0.6S)  can  be  attractive  from  the  points  of  view  of  both 
transmission  and  blade  weight,  but  they  have  detri- 
mental effects  upon  both  power  required  and  noise 
propagation.  If  higher  tip  Mach  numbers  are 
employed,  tip  airfoil  selection  becomes  more  critical 
tv  hover  performance;  thin  airfoils  (thickness  less 
than  10%  of  chord  length)  arc  desirable,  and  the  twist 
must  be  selected  so  as  to  maintain  relatively  low  tip 
lift  coefficients. 


§ 


5-2.1.4  Number  of  Blades 

Upon  selection  of  values  for  disk  loading,  mean 
bladr  lift  coefficient,  and  blade  tip  Mach  number, 
rotor  solidity  has  been  defined  uniquely.  With  any 
significant  variation  from  a rectangular  planform  for 
the  rotor  blades,  the  effective  rotor  solidity  ar  should 
be  evaluated  using  the  method  of  Ref.  I . 

Blade  area  is  defined  by  the  product  of  rotor  solidi- 
ty and  disk  area  and  can  be  divided  among  any 
number  of  blades.  Propeller  design  experience  in- 
dicates that  efficiency  increases  with  increasing 
numbers  of  blades.  However,  recent  analytical  ad- 
vances, confirmed  by  flight  and  whirl  test  data,  show 
tn&i  uiis  is  iiOi  true  necessarily  for  the  hovering  rotor. 
Apparently,  intcrblade  interference  can  reduce  the 
hovering  efficiency  of  multibladed  rotors  (Ref.  5). 
The  selection  of  the  number  of  blades,  therefore,  is 
dependent  more  upon  considerations  of  overall  rotor 
system  weight  than  upon  aerodynamic  efficiency  (see 
par.  3-4.1,  AMCP  706-201). 

S-2.1.5  Twist 

Selection  of  blade  twist  for  the  “ideal"  rotor  is 
covered  in  Ref.  I In  current  helicopters,  twist 
generally  is  linear  in  order  to  simplify  manufac- 
turing. If  stretch-formed  spars  are  used,  nonlinear 
twist  is  obtained  quite  easily.  In  any  event,  twist  selec- 
tion is  a function  of  disk  loading  and  blade  tip  Mach 
number.  The  higher  the  disk  loading,  the  greater  the 
optimum  twist;  and  the  higher  the  tip  Mach  number, 
the  greater  the  required  twist.  Twist  optimization  is 
achieved  by  systematic  variations  using  detailed 
analytical  methods. 


5-2. 1.6  Airfoil  Sections 

Rotor  blade  airfoil  sections  preferred  for  :<hcir 
aerodynamic  characteristics  frequently  are  incom- 
patible with  structural  design  requirements,  and  a 
compromise  must  be  made.  In  general,  for  the 
hovering  rotor  the  inboard  airfoil  should  be  of  a low- 
drag  type  (at  least  with  extensive  lower-surface  lami- 
nar flow).  Outboard  of  70%  radius,  compressibility 
effects  i .ust  t c considered,  and  the  lifl-to-drag  ratio 
L/D  for  the  airfoil  section  should  occur  at  the  local 
Mach  number  and  angle  of  attack.  These  conditions 
suggest  a spenwise  variation  in  airfoil  contour.  If  a 
constant  airfoil  is  employed,  its  selection  should  be 
weighted  toward  complying  with  the  angle  of  attack 
and  Mach  number  conditions  at  or  near  the  blade  tip 
(outboard  of  80%  radius). 

5-2. 1.7  Horning  Thrust  Capability 

The  capability  of  a hovering  rotor  to  produce 
thrust  can  be  expressed  by  a simple  relationship. 
However,  the  agreement  between  the  calculated  and 
measured  values  of  thrust  produced  for  s given 
amount  of  power  applied  to  rotors  of  practical  con- 
figuration is  r.ot  good.  Several  improvements  are 
available  and  arc  reviewed  in  par.  3-2. 1.1,  AMCP 
706-201.  The  method  most  appropriate  for  calcu- 
lating the  capability  of  a new  rotor  possibly  is  depen- 
dent upon  the  similarity  to  rotors  for  which  analyti- 
cal and  experimental  results  arc  available.  The  limita- 
tions of  the  available  methods  for  prediction  of  the 
performance  of  hovering  rotors  also  is  discussed  in 
Ref.  5. 

5-2. 1.8  Guidelines 

^valuation  of  the  “idea!"  hovering  rotor  param- 
eters requires  systematic  pardmetiic  variation  in- 
volving all  of  the  major  variables  given  previously. 
This  analysis  is  discussed  in  detail  in  par.  3-4  I, 
AMCP  706-201.  Generalized  results  are  given  in  the 
paragraphs  that  follow. 

In  current  helicopter  designs,  disk  loading  general- 
ly does  not  exceed  10  lb/ft3.  Light  helicopters  (less 
than  3000  lb  gross  weight),  tend  to  have  disk  loadings 
of  3-5  Ib/IV.  The  medi  mi-size  helicopter,  5000- 
15,000  lb  tends  to  be  in  the  6-8  lb/ft’  class,  and  for 
larger  helicopters  disk  loading  is  of  the  order  of  10 
lb/ft2.  Size  and  weight  effects  bias  the  disk  loadings 
higher  as  gross  weight  increases. 

The  current  emphasis  on  high-altitude,  high-tem- 
perature  design  conditions  results  in  values  of  mean 
blude  lift  coefficient  VL  values  of  the  order  or  0.44  to 
0.54  for  sea  level  standard  day  conditions  at  primary 
mission  gross  weight. 

Current  helicopters  have  hoveling  blade  tip  Mach 
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number*  ranging  ftom  0.50  to  0.75.  Weight  and  struc- 
tural  consideration*  surest  higher  minimum  value*, 
and  noi»c  consideration*  suggest  lower  maximum 
value*  — resulting  in  a compromise  design  range 
between  Mach  0.6  and  0.7. 

5-2.2  HIGH-SPEED  LEVEL  FLIGHT 

To  maximize  high-speed  level  flight  performance, 
the  same  parameter*  are  considered  as  in  optimizing 
hover  performance.  In  addition,  the  ratio  of  flight 
■peed  to  rotational  tip  speed,  or  advance  ratio  n,  i*  in- 
troduced. 

In  high-speed  design,  the  basic  compromise  ii 
between  advancing  blade  tip  Mach  number  and  ad- 
vance ratio.  The  advancing  tip  Mach  number  , llf 
can  be  defined  cs 

*L*,V  - L“  <5‘5) 

• a 

where 

a ” speed  of  sound,  fps 

V - true  airspeed,  fps 

At  a given  forward  speed,  decreasing  tip  speed 
deceases  the  amount  ol  blade  that  is  providing  useful 
lift  and  propulsive  force,  because  more  and  more  of 
th.  ii  : is  in  reverted  flow.  This  effect  is  accom- 
panies, necessarily,  by  increased  lifl  coefficients  over 
the  “working”  part  of  the  disk,  which  eventually  can 
lead  to  significant  amounts  of  stall. 

The  alternative  approach  is  to  increase  rotor  tip 
speed.  This  leads  to  increasingly  higher  advancing 
blade  Mach  numbers.  Eventually,  drag  divergence  is 
attained  over  a signiflean.  portion  of  the  advancing 
blade,  with  incrcaaed  power  requirements  as  a result. 

Increasing  blade  area  with  a given  value  of  rotor 
tip  speed  will  lower  the  mean  blaoc  lifl  coefficient 
and,  therefore,  allow  operation  at  higher  advance 
ratios. 

Increasing  twist  tends  to  alleviate  the  retreating 
blade  stall  problem  up  to  a point,  but  also  can  result 
in  negative  lift  on  the  advancing  blade  tip.  The  latter 
is  disadvantageous  because  higher  lifl  coefficients 
must  be  achieved  over  the  positive-lift  portions  of  the 
disk  in  order  to  compensate  for  the  negative  lifl  on 
the  advancing  blade  tip.  Also,  with  large  amounts  of 
blade  twist,  drag  divergence  — with  an  accom- 
panying increase  in  power  required  — may  occur  due 
to  high  negative  angles  of  attack  on  the  advancing 
blade. 

It  is  necessary  to  determine  the  combination  of  tip 
speed,  solidity,  and  twist  that  results  in  the  minimum 
power  required  for  a given  speed,  or  the  maximum 
speed  for  a given  amount  of  power  available. 

Normally,  the  high-speed  performance  problem 


cannot  be  divorced  from  the  hover  and  maneuver 
requirements.  However,  it  is  discussed  as  a separate 
problem  here,  where  for  a given  amount  of  power 
available,  airspeed  it  to  be  maximized.  Initially,  a 
source  such  as  Ref.  6 cr.n  be  used  to  determine  an  in- 
itial set  of  values  for  twist,  solidity,  and  tip  speed. 
This  source  requires,  that  values  for  gross  weight  and 
vehicle  parasite  drag  area  first  be  assumed.  Ref.  6 
also  assumes  e.  particular  airfoil  section  and  a linear 
twist  distribution.  From  this  starting  point,  modifi- 
catione  of  blade  tip  airfoil  section,  planform  shape, 
and  twist  can  be  made  in  order  to  achieve  speed  in- 
creases up  to  the  limits  of  the  power  available. 

To  increase  the  advancing  blade  tip  Mach  number 
at  which  drag  divergence  becomes  critical,  airfoil 
thickness  can  be  reduced.  For  symmetrical  airfoils, 
reduction  of  thickness  to  vaiucs  of  less  than  12%  nor- 
mally result*  in  a reduction  of  maximum  lifl  coeffi- 
cient. This  is  detrimental  for  the  lifting  capability  of 
the  retreating  blade.  This  effect  can  be  altered  by  in- 
troducing camber  into  the  airfoil  section  of  reduced 
thickness  in  order  to  maintain  an  acceptable  value  for 
CtjK)x  while  also  attaining  an  increased  drag  diver- 
M arji  nnfTjbcr.  HOV/CVCF,  ClCJSfivC  HIT! Glints  of 
camber  will  result  in  undesirable  blade  pitching 
moments  at  high  level-flight  Mach  number*. 

Sweep  of  the  blaac  tip  can  be  employed  to  decrease 
the  effective  Mach  number,  thus  allowing  higher 
values  of  ectual  advancing  tip  Mach  number  (V  + 
UR) fa  before  the  drag  rise  due  to  compiessibility 
becomes  unacceptably  high.  However,  care  must  be 
exercised  to  avoid  the  loss  of  effective  area  and, 
therefore,  of  retreating-blade  lifl  capability. 

Nonlinear  twist  distributions  may  assist  in  opti- 
mizing speed  for  a given  amount  of  power  available. 
The  effects  fuUSt  be  investigated  ill  a detailed  luiOi 
analysis  by  consideration  of  radial  and  azimuthal 
variations  of  anglc-of-attack  and  Mach  number.  No 
r.  les  can  be  offered;  tri%!-and-crror  is  the  only  ap- 
proach currently  available. 

5-2J  HIGH-SPEED  MANEUVERING  FLIGHT 

Achievement  of  the  desired  maneuver  capability  at 
a given  airspeed  also  may  affect  the  selection  of  finai 
values  for  the  basic  rotor  design  parameters.  Because 
of  increasing  amounts  of  retreating  blade  stall,  the 
higher  the  forward  speed  (for  a given  tip  speed)  the 
more  difficult  it  is  to  achieve  high  maneuvering  load 
factors. 

To  begin  with,  a static  analysis  is  not  satisfactory 
for  determination  of  maneuvering  flight  capability. 
As  discussed  in  Ref.  7,  rotor  pitch  and  roll  rates  are 
involved  in  both  symmetrical  and  turning  maneu- 
vers, and  can  affevi  load  factor  capability  signifi- 
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cantly . These  maneuvci  rates  alter  the  nngle-of-attsck 
distribution  obtained  during  steady-state  flight  at  a 
given  speed  and  rotor  thrust  level. 

In  general,  to  achieve  high  maneuver  capability, 
blade  loading  in  trimmed  steady-state  flight,  i c.,  nor- 
mal load  factor  nz  **  1 .0,  must  be  low.  Load  factor, 
or  maneuver,  capability  can  be  related  to  (Cr/e\mx/- 
(CT/a)nz  “ 1 .0.  Thus,  for  a given  rotor  design  with 
known  (Cr/c)^,  the  lower  the  trim  thrust  coeffi- 
cient (or  blade  loading),  the  greater  the  load  factor 
capability.  The  other  term  under  design  control  is 
The  mjyor  variables  for  maneuver  capa- 
bility are  advance  ratio,  airfoil  section,  and  twist  for  a 
given  solidity  ratio. 

As  advance  ratio  increases,  (Cr/o)^.  decreases 
(Ref.  8).  Therefore,  for  a given  flight  speed,  an  in- 
crease in  rotor  t.p  speed  increases  (Cr/ff)^.  How- 
ever, as  for  level  flight,  a maximum  value  of  advan- 
cing blade  tip  Mach  number  must  not  be  exceeded. 
Advancing  blade  shock  stall  can  be  encountered  if  the 
Mach  number  is  too  high. 

The  magnitude  of  (Cyfo),^  for  a given  advance 
ratio  is  a strong  function  of  the  maximum  section  lift 
coefficient  near  the  blade  tip.  This  is  not  nevessarily  a 
direct  function  of  the  section,  or  two-dimensional, 
maximum  section  lift  coefficient  clmai,  because  of 
complicating  factors  such  as  spanwise  flow  and  oscil- 
lating airfoil  effects.  However,  it  is  a good  general 
rule  that  an  increase  in  c/wu  of  the  tip  section  will 
improve  the  rotor  maneuvering  thrust  capability. 
Bouiuie  retreating  blade  stall  generally  occurs  first, 
the  magnitude  of  clmu  at  the  retreating  blade  tip 
Mach  number  also  is  quite  important.  New  airfoil 
design  developments  (Ref.  4)  allow  a tailoring  of  the 
section  profile  to  obtain  the  peak  value  of  clnax  at  a 
desired  Mach  nurnbvr. 

Blade  twist  also  afreets  maximum  thrust  capability 
by  controlling  the  lift  distribution  at  the  retreating 
blade  tip.  Optimum  twist  is  determined  only  by 
detailed  analyses  of  the  maneuvers  including  major 
effects  such  as  pitch  and  roil  rates.  However,  opti- 
mization of  twist  for  the  maneuver  case  usually  is 
detrimental  to  level-flight  performance,  so  a compro- 
mise often  i-  required.  Computation  of  helicopter 
maneuvering  flight  performance  is  discussed  in  more 
detail  in  par.  3-5.2,  AMCP  706-201, 

5-2.4  INERTIA 

Rotor  inertia  is  a miyor  parameter  in  autorotalivc 
landing  characteristics.  Rclor  angulai  velocity  and 
inertia  uniquely  define  the  rotational  kinetic  energy 
of  the  rotor  that  can  be  used  in  the  development  of  a 
decelerating  force  to  arrest  descent  velocity  in  a zero- 
power  or  partial-power  landing.  The  amount  of  ro- 


tational kinetic  energy  KER  is  defined  as 

klr  - , f,.|b  (5-0) 

where 

IR  ■ mass  moment  of  inertia  of  the  rotor, 
slug- ft1 

The  symbols  f and  represent  the  rotor 
angular  velocities  at  the  beginning  and  end  of  the 
flare  maneuver,  respectively.  However,  the  deter- 
mination of  an  acceptable  value  for  Uflnal  for  a new 
rotor  is  largely  judgmental,  with  little  more  than  the 
designer's  experience  available  to  assure  that  the 
rotor  remains  controllable  throughout  the  flare. 
Computation  of  helicopter  autorolativc  perfor- 
mance is  discussed  in  further  detail  in  par.  3-5.1, 
AMCP  706-201.  In  par.  3-5.3,  AMCP  706-201  an 
autorotativc  index  A l is  developed.  Acceptable  values 
of  this  index,  and  hence  of  the  rotor  inertia,  also  are 
discussed. 


5-3  ROTOR  SYSTEM  KINEMATICS 

5-3.1  GENERAL 

Rotor  systems  can  be  described  as  articulated,  gim- 
baled  (or  teetering),  hingeless  (sometimes  referred  to 
as  “rigid”),  and  flex-hinge. 

The  blades  of  an  articulated  rotor  system  are  at- 
tached to  the  hub  with  mechanical  hinges,  allowing 
the  blade  freedom  to  flap  up  and  down,  and  swing 
back  and  forth  (lead  and  lag)  in  the  disk  plane.  The 
blades  of  the  hingeless  rotor  arc  attached  to  the  hub 
without  mechanical  hinges  for  flapping  or  lead-lag 
motion.  The  flex-hinge,  or  strap-hinge,  rotor  employs 
a flexible  structural  attachment  of  the  blade  to  the 

l..l 1 *t 1 — — t- it «. 

iiuu  «uu  uiwivuj  avmuvco  a tvni|»iviiiist  ui.iwvt.ii  mt. 

high  stiffness  of  the  hingeless  rotor  and  the  low  stiff- 
ness of  the  articulated  or  ginrbalcd  system. 

Generally,  the  type  of  rotor  system  will  have  been 
selected  during  preliminary  design.  In  par.  3-3.3, 
AMCP  706-201,  each  of  the  types  of  rotor  system  is 
described,  together  with  the  methods  by  which  each  is 
controlled  and  in  turn  is  used  to  provide  control  of 
the  helicopter.  The  discussion  includes  a simplified 
summary  of  the  flapping  motions  of  a flapping  (fully 
articulated)  rotor,  while  the  dynamics  of  rotor 
systems  are  described  in  detail  in  Chapter  5,  AMCP 
706-20l.  The  descriptions  of  the  several  types  of 
rotors  in  par.  3-3,3,  AMCP  706-201,  include  dis- 
cussions of  the  advantages  and  disadvantages  of 
each,  together  with  a review  of  the  helicopter  sizes  for 
which  each  may  oe  most  appropriate. 

The  discussion  of  rotor  systems  kinematics  and 
control  which  follows  supplements  the  introductory 
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Figure  5-2.  Control  Movent  for  Basic  Rotor  Types 


description  in  par.  3-3.3,  AMCP  706-301,  and  the 
theoretically  oriented  presentation  of  Chapter  5, 
AMCP  706-201. 

541  HELICOPTER  CONTROL 

Inflight  control  of  the  helicopter,  using  the  rotor 
type*  cited,  is  provided  by: 

1.  Momenta  acting  upon  the  rotor  hub 

2.  Tilting  the  resultant  rotor  Sift  vector 

3.  A combination  of  these. 

1 he  control  moment  source  for  each  type  is  illus- 
trated in  Fig.  5-2.  For  the  gimbaled  rotor,  a given 
rotor  tilt  produces  a corresponding  tilt  of  the  lift  vec- 
tor, which,  in  turn,  produces  a control  moment  about 
the  helicopter  CG.  An  additional  control  moment 
exists  in  an  articulated  rotor  as  a result  of  the  hub 
shear  force  acting  at  the  flap  hinge  to  produce  a mo- 
ment at  the  hub.  In  the  case  of  the  hingclcss  and  flex- 
hinge  rotors,  the  structural  spring  at  the  equivalent 
hinge  provides  an  additional  component  of  control 
moment  et  the  hub. 

The  conventional  method  of  achieving  rotor  con- 
trol is  through  collective  and  cyclic  pitch  changes  at 
the  blade  roots.  These  changes  arc  accomplished 
through  control  linkage  between  the  rotating  blades 
and  a swashplate  (a  structural  element  that  con- 
stitutes a fixed  plane  that  defines  the  blade  pitch  as  a 
function  of  azimuth).  Individual  blades  arc  mounted 
on  cpindles  that  provide  feathering  freedom  for  con- 
trol. Collective  pitch  of  the  blades  is  introduced  by  a 
scissor  mechanism  or  by  raising  or  lowering  the 
swashplate;  cyclic  pitch,  required  to  produce  a tilt  of 
the  rotor  disk  plane,  is  accomplished  by  tilting  the 
swashplate. 

Blade  pitch  changes  also  are  made  in  some  rotor 
systems  by  connecting  the  swashplate  to  a servo  tab 
on  each  blade,  or  by  connecting  the  swashplate  to  a 
servo  rotor  or  gyro  bar  that  in  turn  acts  as  a swash- 
plate  for  the  main  rotor. 

54J  ARTICULATED  ROTOR 

The  kinematics  of  an  articulated  rotor  with  an  out- 
board lag  hinge  are  illustrated  in  Fig.  5-3.  Vertical 
motion  of  the  pitch  link  in  response  to  swashplate  tilt 
as  the  blade  travels  aiound  the  azimuth  produce, 
pitching  rotation  at  the  pitch  bearings  corresponding 
to  the  cyclic  pitch  of  the  rotor.  The  position  of  the 
pitch  bearings  with  respect  to  the  blade  lag  freedom 
varies  with  the  rotor  system  design.  In  the  example 
(Fig.  5-3),  the  pitch  bearing  of  the  rotor  system  is  in- 
board of  the  lag  axis,  whereas  that  of  the  CH-46  rotor 
is  outboard  of  the  lag  hinge. 

As  shown  in  Fig.  5-3,  the  lag  hinge  allows  the  blade 
to  move,  leading  and  lagging,  in  the  disk  plane.  Lag 
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Figure  5-3.  Articulated  Rotor  Schcmeric 


freedom  of  the  blade  is  necessary  in  this  particular 
design  so  that  the  steady  chordwise  bending  moment 
at  the  blade  root  is  reduced.  In  the  equilibrium  lag 
position  of  the  blade,  the  chordwise  moment  due  to 
the  drag  loads  on  the  blade  is  balanced  at  the  lag 
hinge  by  an  opposite  moment  due  to  the  centrifuge! 
force  and  the  lag  displacement  of  the  blade,  in- 
dividual blade  lag  dampers  are  required  to  provide 
energy  dissipation  adequate  to  control  the  mechan- 
ical instability  associated  with  the  coupled  rotor/air- 
frame system  as  describe^  in  par.  5-4.3  (also  see 
Chapter  5,  AMCP  706-201).  The  rigid-body  lag 
natural  frequency  of  articulated  rotors  usually  is 
between  0.?0  and  0.40  times  the  rotor  speed. 

Blade  flapping  freedom  in  the  articulated  rotor  is 
provided  by  a horizontal  hinge,  which  is  located  dose 
to  the  rotor  centerline  in  ordrr  to  minimize  the  flap 
bending  of  the  rotor  hub  (Fig.  5-3).  The  steady  mo- 
ment about  the  flap  hinge  from  thv  centrifugal  force 
acting  through  the  moment  ami  of  the  blade  — verti- 
cally displaced  by  the  blade  coning  above  the  disk 
plane  — is  balanced  by  a moment  of  the  same  magni- 
tude, b‘:t  in  the  opposite  direction,  due  to  the  steady 
lift  on  <he  blade.  The  natural  flapping  frequency  of  an 
articulated  design  is  near  resonance  with  the  rotor 
shaft  speed.  However,  aerodynamic  damping  in  the 
rigid  flap  mode  approaches  50%  of  critical  damping, 
with  the  result  that  the  neai-rcsona.it  condition  pro- 
vides an  acceptable  design. 

Coupling  between  flap  and  pitch  motions  is  an  im- 
portant design  consideration  for  a rotor  control 
system.  Generally,  the  rotor  should  be  designed  so 
that,  as  the  blade  flaps  upward,  the  mechanical  pitch 
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angle  of  the  blade  remains  the  same  or  decreases.  The 
kinematic  coupling  that  varies  the  feathering,  or 
pitch,  angle  of  the  blade  with  flapping  is  defined  as  6}, 
and  the  standard  notation  is  that  an  increase  of  pitch 
with  an  increase  of  flapping  angle  is  positive.  Flap- 
pitch  coupling  can  be  introduced  mechanically  by  a 
skewed  flap  hinge,  or  by  radial  location  of  the  attach- 
ment of  the  pitch  link  to  the  pitch  arm  inboard  or 
outboard  of  the  flap  hinge.  Negative  5}  generally  is 
required  to  improve  stability  of  the  rotor  (see 
Chapter  5,  AMCP  706-201). 

Pitch  bearings  outboard  of  the  lag  hinge  produce  t>, 
kinematic  coupling  that  changes  the  blade  mechan- 
ical pitch  angle  with  blade  lag  motion.  This  configu- 
ration has  the  potential  for  unstable  pitch-lag  blade 
motion. 

Fig.  5-4  illustrates  the  general  arrangement  for  a 
rotor  with  coincident  flap  and  lag  hinges.  This  rotor 
has  a compact  arrangement  of  flap  and  lag  hinges 
exactly  like  p universal  joint.  Flap  hinges  located 
further  outboaid  provide  greater  control  power,  but 
also  increase  the  flap  bending  moment  at  the  hub. 
The  location  of  the  lag  hinge  closer  inboard  results  in 
a lower  lag  natural  frequency,  with  increased  damp- 
ing being  required  to  prevent  ground  resonance. 

5-3.4  GIMDAI  ED  (TEETERING)  ROTOR 

Fig.  5-5  provides  a schematic  of  a gimbalcd  rotor 
system;  only  two  blades  of  a four-bladed  rotor  arc 
shown,  although  any  number  of  blades  may  be  used. 
Each  blade  is  mounted  on  a spindle  attached  to  a 
yoke  that  interconnects  the  blades.  The  yoke,  which 
defines  the  rotor  disk  plane,  isgimoal-mountcd  to  the 
helicopter  mast  (the  top  of  the  rotating  shaft).  In  s 
gimbalcd  rotor,  no  cyclic  pitch  motion  of  the  blades 
occurs  relative  to  the  spindles  for  any  stead/  hovering 
condition,  regardless  of  CG  location  or  flapping 
relative  to  the  mast. 

The  phase  relationship  of  the  or.e-pcr-rcv  excita- 
tion of  the  primary  inplane  beqding  mode  is  such  that 
the  blade  root  moments  are  reacted  internally  in  the 
yoke,  leaving  the  rotor  hub  undisturbed.  The  yoke 
structure  must  be  stiff  enough  that  the  natural  fre- 
quency of  the  blade  cantilever  mode  is  sufficiently 
greater  than  the  rotor  speed  to  avoid  excessive  ampli- 
fication of  one-pei -rev  loads, 

For  two-bladed,  or  teetering,  rotors  (Fig.  5-6),  the 
gimbsl  mounting  of  the  blades  may  be  replaced  by  a 
single  teetering  hinge  that  allows  only  seesaw  or  flap- 
ping motion  of  the  blades.  Cyclic  and  collective  blade 
pitch  oc  urs  about  the  yoke  spindles.  For  rotor  tilt 
relative  to  the  shaft,  the  blades  are  forced  by  the  trun- 
nion out  of  their  idea!  position  in  the  cone  of  the 
rotor  twice  each  revolution.  This  resuits  in  a bending 


Figure  5-4.  Coincident  Flap  and  Lag  Hinge  Rotor 


Figure  5-5.  Gimbated  Rotor  Schematic 


moment  on  the  mast  in  the  direction  of  rotor  tilt  that 
varies  at  a frequency  of  two-per-rev. 

A sketch  of  a teetering  rotor  system  is  shown  in 
Fig.  5-7.  This  rotor  is  connected  to  the  shaft  by  a 
hinge,  the  axis  of  which  passes  approximately 
through  the  CG  of  the  rotor  in  order  to  minimize  vi- 
bratory hub  and  control  loads.  The  stabilizer  bar  pro- 
vides stability  by  increasing  the  lag  time  between 
shaft  tilt  and  rotor  tip  path  plane  till.  The  stabilizer 
bar  is  connected  to  the  blades  through  mixing  levers 
between  the  sides  of  the  bar.  The  inner  ends  of  the 
mixing  levers  arc  pinned  to  the  bar,  the  outer  ends  arc 
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Figure  5-7,  Teetering  Rotor 


connected  to  the  swashplate,  and  the  middle  is  con- 
nected to  the  pitch  arms.  The  damper  regulates  the 
rate  at  which  the  stabilizer  ha.  follows  the  tilt  of  the 
rotor  shaft.  An  increase  in  damping  quickens  the 


following  rate  and  improves  the  maneuverability,  but 
also  degrades  the  stability. 

5-3.5  HINGELESS  ROTOR 

One  blade  of  a hingeless  .otor  is  illustrated  sche- 
matically in  Pig.  5-8.  In  this  type  of  system,  no  me- 
chanical means  are  provided  to  allow  chordwise  or 
flapwise  displacement  of  the  blades.  The  blades  are 
cantilevered  from  the  rotor  hub.  which  is  attached 
rigidly  to  the  rotating  shaft.  Collective  and  cyclic 
pitch  inputs  for  variation  of  thrust  and  control  mo- 
ment are  made  through  the  pitch  links  in  response  to 
pilot  input  to  the  swashplate.  The  pitch  angle  is 
changed  by  rotation  of  the  blade  about  the  feathering 
axis  just  as  is  an  articulated  rotor.  Following  a cyclic 
pitch  input,  the  hingeless  rotor  responds  as  shown  in 
Fig.  5-2(C),  providing  a control  moment  about  the 
helicopter  CG  as  a result  of  both  tilting  of  the  resul- 
tant lift  vector  and  a moment  acting  at  the  hub. 

The  natural  frequency  of  the  first  flapwise  bending 
mode  fixes  the  offset  of  the  equivalent  flap  hinge.  The 
dynamic  characteristics,  control  power,  and  pitch 
and  roll  damping  for  a hingelcss  rotor  are  identical  to 
P ose  of  an  articulated  rotor  whose  mechanical  flap 
i nge  is  located  at  the  equivalent  hinge  point.  A 
hingeless  rotor  with  a fundamental  flap  frequency  of 
between  1.10  and  115  times  rotor  speed  would  have 
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Figure  5-9.  XH-51  Rotor  System 


Curved  those  insulted  at  the  points  at  which  the 
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ing  of  the  straps  at  any  one  point.  In  this  otherwise 
hingetes*  rotor,  tag  hingrt  are  located  at  the  outer 
ends  of  the  teruion-flap-torsion  straps.  Excessive 
static  droop  of  the  blades  is  prevented  by  stiff  cuffs 
that  are  attached  to  the  blades  and  cover  the  straps. 
Contact  between  the  inboard  ends  of  the  cuffs  and 
the  hub  limits  the  downward  and  upward  flapping  ex- 
cursions of  the  blades. 


5-3.*  ROTOR  SYSTEM  KINEMATIC 
COUPLING 

Adverse  kinematic  coupling  can  result  in  various 
types  of  instability  in  a particular  rotor  system.  This 
paragraph  reviews  the  subject  independently  of  the 
rotor  type,  but  considers  the  blade  and  its  retention 
system.  The  mechanism  of  rotor  instability  resulting 
from  blade  kinematics  is  examined  separately  under 


the  categories  of  pitch-lag,  pitch-flap,  and  flap-lag. 
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outlined  in  Chapter  5,  AMCP  706-201. 


3 -3.6.1  Pitcfedag  Instability 

Kotor  blades  with  substantial  chordwise  displace^ 
mem  have  s potential  “pitch-lag”  instability.  The 
critical  degrees  of  fr-edom  involved  are  flap  and  lag. 
However,  the  critical  design  parameter  is  a kine- 
matic coupling  that  causes  a blade  pitch  angle  change 
in  response  to  lag  motion,  or  chordwise  displace- 
ment. 

The  mechanism  of  this  instability  is  depicted  in 
Fig.  5-t  I.  As  the  blade  lags  (A),  and  if  the  pitch-lag 
coupling  causes  the  blade  pitch  to  decrease  (B),  there 
is  a loss  of  lift.  Downward  flap  of  the  blade  occurs 
due  to  lift  loss  (C),  and  produces  a Coriolis  force  in 
the  lag  direction  (D)t  causing  additional  blade  lag. 
Further  discussion  of  this  phenomenon  may  be  found 
in  Refs,  9 and  50. 
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Figure  5*10.  OH-6A  Hingeless  Rotor  System 


5-3.6.Z  Pitch-flap  Instability 

Rotor  blades  are  subject  to  the  same  sort  of 
dynamic  instabilities  as  arc  fixed  wings.  For  example, 
they  are  susceptible  to  the  classical  bending-tor- 
sional flutter  discussed  in  Ref.  1 1 . For  hover  or  verti- 
cal flight,  the  major  difference  between  the  rotating 
and  the  fixed  wing  is  the  velocity  variation  spanwisc 
along  the  blcde  due  to  rotation.  The  principal  para- 
meters  influencing  this  mode  in  both  systems  sre  the 
chordwise  distance  between  the  CG  of  the  airfoil  sec- 
tion and  the  aerodynamic  center,  and  the  torsional 
stiffness. 

In  addition  to  to.sional  deflections,  cither  flapwisc 
or  chordwise  displacements  of  the  blade  deflections 
also  may  interact  in  such  a way  that  a pitch-flap  in- 
stability can  occur.  The  case  of  a blade  with  flapping 
deflections  above  the  feathering  axis  (flapping  hinge 
outboard  of  the  pitch  bearing)  is  illustrated  in  Fig.  5- 
12  (A).  As  the  blade  flaps  with  respect  to  its  steady- 
state  position,  the  resulting  Coriolis  force  produces  a 
pitching  moment  about  the  feathering  axis.  If  there  is 
flexibility  in  the  pitch  control  system,  this  pitching 
moment  causes  the  pitch  of  the  blade  to  change. 
Therefore,  stiffness  of  the  control  system  also  is  a 
significant  factor  in  pitch-flap  stability. 

As  shown  in  Fig.  3-12  (B),  the  same  blade  section 


initially  is  at  distance  r sin/3,,  from  the  feathering  axis. 
As  the  blade  rotates  noscup  about  the  feathering  axis, 
the  blade  section  and  the  lift  force  acting  upon  it  arc 
displaced  backward  Br  siiv90,  producing  a nosedown 
pitching  moment.  This  moment,  together  with  those 
caused  by  variations  in  the  inplane  aerodynamic 
force  and  the  centrifugal  force  acting  through  the  mo- 
ment arm  r sin^,  results  in  coupling  between  the 
pitch  and  flap  degrees  of  freedom  and.  consequently, 
affects  the  stability  characteristics.  The  net  pitching 
moment  about  the  feathering  axis  changes  the  blade 
pitch  angle,  hence  the  angle  of  attack,  by  an  amount 
(hat  is  inversely  proportional  to  the  control  system 
stiffness.  Completing  the  cj  :k  for  pitch-flap  motion, 
which  may  be  unstable,  the  blade  section  lift  varies  as 
a result  of  the  angle-of-atteck  change.  The  lift  vari- 
ation causes  blade  flapping,  which,  in  turn,  produces 
additional  Coriolis  forces.  Steady  inplane  bending 
deflection  or  blade  sweep  also  can  introduce  pitch 
moments  as  a result  of  lift  variations. 

5-3.6J  Flap-lag  Instability 
Ref.  12  describes  flap-lag  instabilities  as  a result  of 
Finite  blade  deflections.  The  conclusion  from  this 
work  is  that  lifting  rotors  that  have  no  lag  hinges 
may,  under  certain  conditions,  be  subject  to  limit- 
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(C)  BLADE  FLAPS  DOWN  DUE  TO  LIFT  LOSS 


PRODUCES  MORE  LAG 


Figure  5-11.  Mechanism  of  Pitch-lag  I ns: ability 


cycle  instability  in  both  vertical  and  forward  flight. 

The  basic  mechanism  of  this  type  of  instability  in- 
volves the  steady-s'  de  blade  coning  angle.  For  a 
blade  with  positive  i ogle  of  attack,  the  local  wind  ve- 
locity is  increased  by  the  blade  lead  velocity,  resulting 
in  an  additions!  lift,  as  shown  in  Fig.  5-13  (A).  The 
resulting  incremental  flap-up  aerodynamic  moment  is 
counteracted  by  an  equal  flap-down  centrifugal  force 
moment.  The  incremental  centrifugal  force  also 
results  from  the  lead  velocity  or  incremental  rota- 
tional velocity  (Fig.  5-13  (B) ).  If  the  steady  coning 
angle  is  obtained  by  the  balance  of  thrust  and  centri- 


fugal moment,  these  two  opposing  incremental 
effects  arc  equal,  and  no  coupling  exists  between  flap 
and  lag.  However,  if  the  coning  angle  is  reduced 
because  of  elastic  flapping  restraint,  the  vertical  com- 
ponent of  the  centrifugal  force  vector  is  reduced  and 
the  incremental  aerodynamic  flapping  moment 
exceeds  the  centrifugal  restoring  moment.  In  this 
case,  the  flap-up  moment  produced  by  a lead  veloci- 
ty of  the  blade  can  result  in  unstable  Made  motion. 

In  forward  flight,  an  additional  destabilising  term 
occurs.  This  is  an  aerodynamic  flap  moment  propor- 
tional to  the  product  of  mean  lift,  lead  velocity,  ad- 
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(A)  CORIOLIS  MOMENT  FROM  BLADE  FLAP 


Figure  5-12.  Fitch-flap  Coupling  of  Rotors 


vanoc  ratio,  and  the  sine  of  the  azimuth  angle.  A sub- 
harmonic  instability  of  blade  motion  can  occur  at 
moderate  advance  ratio,  e.g.,  M - 0.4.  This  type  of  in- 
stability can  be  suppressed  by  an  adequate  amount  of 
inplanc  damping.  Ref.  13  suggests  that,  if  the  blades 
arc  sufficiently  flexible  in  torsion,  pitch-lag  coupling 
can  be  used  as  an  additional  means  of  suppressing  lag 
motion  instability. 

5-4  ROTOR  SYSTEM  DYNAMICS 

5-4.1  OSCILLATORY  LOADING  OF  ROTOR 
BLADES 

The  oscillatory  loading  of  rotor  blades  is  important 
for  both  vibration  and  fatigue. 

Rotors  usually  are  designed  by  extrapolation  from 
previously  successful  designs.  This  can  be  expensive 
because  many  rotors  have  been  designed,  built,  and 
flight  tested  without  significantly  extending  the  useful 
envelope  of  existing  rotors  in  relation  to  loads  and  vi- 
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Figure  5-13.  Mechanism  of  Flap-lag  Instability 

brations.  Rotor  design  considerations  — such  as 
fatigue  spectra  (based  on  mission  profiles  and  ma- 
neuver frequencies),  details  of  bearing  stress,  peak 
stress,  and  stiffness  of  complex  shapes  — • remain  dif- 
ficult. However,  other  considerations,  e.g.,  static  de- 
flection and  gross  vibratory  response,  are  becoming 
fairly  well  defined  and  calculation  procedures  are 
available. 

5-4.1. 1 Hypothetical  Consideration  of  Rotor 
Vibratory  Leads 

The  procedure  for  development  of  preliminary 
rotor  design  into  a detail  design  requires  continuous 
iterations  by  aerodynamics,  dynamics,  stress,  and 
fatigue  specialists.  The  integration  of  computed  vi- 
bratory rotor  loads  into  the  detail  design  is  described 
best  by  a generalized  method  toward  which  the  in- 
dustry is  moving. 

Ideally,  the  following  program,  which  hinges  on 
the  existence  of  a complete  scrodastic  flight-vehicle 
analysis,  could  be  used  to  link  the  preliminary  and 
detail  designs: 

1 . A maneuver  spectrum  should  be  defined,  based 
upon  previous  helicopter  experience  and  the  mission 
requirements  of  tlie  new  helicopter. 

2.  The  maneuver  spectrum  should  be  "flown”  ana- 
lytically with  the  preliminary  design  helicopter,  and 
loads  and  vibrations  should  be  computed  at  the 
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locations  where  fl'nht  test  instrumentation  will  be 
placed.  These  calculations  should  cover  the  complete 
ground-air-ground  cycle,  including  landing,  taxiing, 
and  towing.  In  such  a sequence,  ail  of  the  static,  tran- 
sient, and  oscillatory  stresses  and  vibrations  should 
be  computed. 

3.  The  stress  ar.d  vibration  calculations  should  be 
reviewed  to  determine  where  design  optimization 
should  start.  If  the  performance,  stresses,  vibrations, 
handling  qualities,  and  other  rotor  characteristics 
meet  but  do  not  exceed  the  specification  require- 
ments, ther,  the  preliminary  design  may  represent  an 
optimum  configuration.  If  the  helicopter  greatly 
exceeds  requirements  in  one  or  more  of  these  areas,  a 
weight  penalty  generally  results.  Design  changes 
should  be  made  and  at  least  a portion  of  the  analysis 
based  upon  the  maneuver  spectrum  should  be  recom- 
puted. If  the  design  fails  to  meet  the  specifications  in 
certain  arer the  design  must  be  improved  and  a por- 
tion of  the  maneuver  spectrum  analysis  should  be 
recomputed  to  demonstrate  compliance. 

At  the  end  of  the  iteration,  lh£  detail  design  should 
start  with  a set  of  loads  for  static  and  dynamic  stress 
calculation,  and  a reasonable  assessment  of  vibra- 
tion. 

The  detail  design  of  the  rotor  system  should  be  in- 
itiated by  making  dimensional  drawings  of  all  parts. 
The  designer  should  follow  the  preliminary  design  as 
closely  as  possible.  However,  compromises  often  may 
be  required,  some  of  which  can  niter  the  dynamic 
characteristics  significantly.  As  the  design  pro- 
gresses, section  properties,  weights,  inertias,  and 
stresses  should  be  computed  for  the  detail  parts.  As 
soon  as  the  first  design  iteration  is  completed,  the 
rotor  natural  frequencies,  toads,  and  stresses  should 
be  recomputed.  These  stresses  should  be  used  as  the 
'basis  for  a fatigue  analysis,  which  should  be  guided 
additionally  by  experience  from  the  test  histories  of 
bimilar  parts  and  idealized  material  samples.  Depen- 
ding upon  the  outcome  of  this  first  design  iteration, 
the  design  should  be  accepted  or  another  iteration 
suited. 

Significant  advances  have  been  made  with  heli- 
copter flight  simulations.  For  example.  Ref.  14 
describes  a recently  developed  analytical  tool  for 
computer  "flight  testing"  of  VTOL  designs.  Steady- 
state  flight,  maneuvers,  and  gust  response  effects  are 
included  so  that  required  configuration  changes  can 
be  made  readily  during  the  preliminary  and  detail 
design  stages.  This  objective  is  achieved  by  detailed 
representation  of  the  aircraft,  including  rotors,  wings, 
auxiliary  propulsion,  and  control  systems.  Complete 
blade  element  analysis  of  the  main  rotor(s),  tail  rotor, 
and  propeller(s),  as  applicable,  are  performed 


through  a maneuver,  and  are  based  upon  the  in- 
stantaneous aerodynamic  and  dynamic  environ- 
ments. Time  histories  of  rotor  blade  loads  and  bend- 
ing moments  are  calculated.  The  basic  equations  and 
programming  procedures  are  presented  and  discussed 
in  Ref.  14.  The  representation  of  airframe  r,nd  rotor 
parameters,  the  types  of  maneuver  inputs,  and  the 
available  output  formau  also  arc  discussed  in  detail. 
Typical  case  studies  are  given.  This  analysis  is 
capable  of  evolving  into  a generalized  procedure  with 
the  addition  of  details  such  as  clastic  pylon  and  fuse- 
lage, and  a fully  aeroeiastic  rotor.  Complete  docu- 
mentation of  this  particular  method  can  be  found  in 
Ref.  IS.  Comparable  mct’.ods  have  been  developed 
by  other  contractors. 

5-4. 1.2  Oscillatory  Load  Design  Considerations 

Oscillatory  loads  are  a major  factor  in  rotor  design; 
but  the  calculation  of  oscillatory  loads  is  not  yet  suf- 
ficiently accurate  for  life  prediction  and  design 
assurance.  Therefore,  rotor  design  is  guided  by  cal- 
culated natural  frequencies,  static  loads,  and  factored 
oscillatory  loads.  The  final  demonstration  of  design 
adequacy  comes  from  flight  and  fatigue  testing. 

5-4. 1.2.1  Rotor  Oscillatory  Load  Calculation 

Most  current  procedures  for  computing  rotor 
natural  frequencies  and  loads  are  based  on  Mykle- 
stad’s  development  of  the  dynamics  of  a rotating 
beam  (Ref.  16)  and  on  simplified,  two-dimensional 
aerodynamics  (Ref.  1).  Typically,  such  analyses  can 
he  used  to  compute  natural  frequencies  and  airloads 
separately;  then  the  two  analyses  arc  combined  to 
compute  the  forced  steady-state  response.  Many  ver- 
sions of  this  procedure  have  been  developed.  A 
detailed  description  of  one  adaptation,  which  has 
been  used  for  designing  two-bladed  rotors  for  nearly 
a decade,  is  given  in  Ref.  17. 

54.1,2.2  Drawing  Board  Phase 

As  noted  previously,  the  drawing  board  phase  of 
the  rotor  detail  design  is  an  iterative  procedure  and 
typically  involves  several  groups  of  engineering  speci- 
alists. The  procedure  is  best  explained  by  briefly 
describing  the  functions  of  several  elements: 

1.  The  areodynamics  group  sizes  the  rotor, 
develops  the  blade  contours,  and  helps  determine  the 
static  load  spectrum  during  the  preliminary  design 
phase.  Often  this  work  carries  over,  with  little 
change,  into  the  first  step  of  detail  design. 

2.  The  rotor  design  group  starts  the  design  itera- 
tion by  laying  out  the  preliminary  rotor  design  and 
developing  dimensional  drawings  for  the  detail  parts. 
The  designers  must  be  cognizant  of  the  stresses  and 
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vibrations  resulting  from  rotor  oscillatory  loading. 
Other  considerations  requiring  attention  include  dy- 
namic stability,  weight  control,  bearing  applications, 
mechanical  function,  value  analysis,  materials,  bon- 
ding, aud  manufacturing  processes,  and  the  designer 
must  rely  upon  specialists  in  many  of  these  fields 

3.  The  rotor  stress  group  begins  preliminary 
design  with  the  development  of  section  properties. 
These  properties,  in  turn,  are  used  for  determination 
of  the  nominal  stresses  that  result  from  the  highest 
combinations  of  ccntiifugal  force  (CF)  and  maneu- 
ver thrust  conditions.  The  bending  moments  for  these 
conditions  are  computed  in  the  steady-load  portion 
of  the  rotor-load  analysis  (par.  5-4. 1.2.1). 

Fatigue  may  be  considered  by  an  empirical  method 
that  provides  a simple  and  reliable  account  of  lead 
spoctrum  shape  and  severity  in  relation  to  compo- 
nent fatigue  strength  in  the  initial  stages  of  rotor 
component  design  (Ref.  18).  This  method  uses  the 
flight  loads  calculated  for  maximum  level  flight 
speed,  the  condition  that  usually  produces  the  highest 
continuous  (nontransient)  alternating  loading.  A fac- 
tor is  applied  to  the  calculated  loads  to  obtain  design 
loads  that  will  produce  a satisfactory  fatigue-life 
structure.  This  factor  is  a function  of  the  material  S- 
N curve,  the  maneuver  spectrum  severity,  the  loading 
frequency,  and  the  fatigue  life  required  by  the  heli- 
copter system  specification.  The  design  curves  for  this 
factor  are  based  on  an  analysis  of  several  flight  load 
surveys. 


Natural  frequencies  also  arc  calculated  for  the 
rotor  as  defined  at  this  stage  of  the  design.  Changes  in 
section  properties  and/or  concentrated  weights  are 
used  to  produce  a frequency  distribution  that  avoids 
principal  resonances. 
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natural  frequency  placement  insures  the  lowest  possi- 
ble oscillatory  rotor  loads;  and  rotor  and  fuselage  fre- 


quency placement,  isolation,  and  superposition  in- 
sure the  lowest  possible  fuselage  vibration.  The  rotor 
characteristics  must  be  such  that  low-frequency  vi- 
brations of  the  fuselage  are  avoided.  High-frequency 
vibrations  generally  are  not  so  critical  and  may  be 
corrected  during  the  flight  test  phase. 

The  aim  of  this  continuous  iteration  is  a design 
optimized,  or  balanced,  with  regard  to  performance, 
function,  strength,  life,  weight,  and  vibration.  When 
an  acceptable  balance  hat  been  achieved,  the  design  is 
considered  to  be  adequate,  the  drawings  are  com- 
pleted, and  rotor  components  are  manufactured. 
However,  further  changes  usually  result  from  the 
flight  and  fatigue  tests. 


5-4.1  Flight  Teats 

The  design  calculations  made  during  the  drawing 


board  phase  insure  that  a rotor  meets  the  static 
strength  criteria  and  has  an  infinite  life  for  the  low- 
cycl£  high-stress  variations  associated  with  the 
ground-air-ground  cycle.  However,  because  of  the 
superimposed  high-cyclc,  low-stress  oscillations, 
many  rotor  and  control  system  parti  will  have  finite 
fatigue  lives.  Design  changes  often  are  required  to  in- 
sure that  the  adequate  component  fatigue  lives  of  all 
components  arc  adequate.  Flight  and  fatigue  testing 
is  required  to  determine  these  lives. 

Prior  to  the  flight  test  phase,  the  strain  gage  in- 
strumentation, the  flight  load  survey  tests,  and  the 
data  reduction  format  shall  be  specified.  The 
measured  loads  are  used,  along  with  the  approved 
maneuver  and  frequency-of-ocurrence  spectra,  to 
determine  the  fatigue  lives  of  all  fatigue-critical  com- 
ponents. The  required  flight  load  survey  tests  ere  out- 
lined in  Chapter  8,  AMCP  706-203. 

The  calculations  made  during  the  drawing  board 
phase  are  effective  in  guiding  the  design  so  as  to  avoid 
excessive  loads  and  vibrations  at  the  lower  fre- 
quencies; however,  additional  tailoring  of  the  rotor 
and  fuselage  usually  is  required  during  flight  test  to 
minimize  high-frequency  loads  and  vibrations. 
Measures  taken  include  optimizing  the  amount  ana 
location  of  the  concentrated  blade  weights;  changing 
blade  stiffness,  such  as  through  use  of  trailing  edge 
stiffeners;  optimizing  the  pylon  suspension  pan- 
meters,  and  detuning  the  fuselage  by  varying  stillness 
and  the  location  of  certain  concentrated  weights,  e.g., 
the  battery. 

5-4.1. 2.4  Fatigue  Tests 

The  determination  of  fatigue  lives  of  components  is 
discussed  in  Chapter  4,  AMCP  706-201.  The 
requirements  for  fatigue  testing  of  critical  compo- 
nents are  given  in  Chapter  7,  AMCP  706-203.  The 
parts  to  be  tested,  the  number  of  samples,  and  the 
method  of  loading  shall  be  specified.  The  samples  arc 
cycled  to  failure,  or  for  a prescribed  number  of  cycles 
at  several  stress  levels.  The  results  usually  arc  plotted 
as  an  S-N  diagram.  Basic  information  on  the  need, 
methods,  and  interpretation  of  fatigue  testing  in  the 
helicopter  industry  is  presented  in  Refs.  18,  19,  and 
20.  By  use  of  the  fatigue  test  data  and  the  frequcncy- 
of-ocurrence  spectrum,  the  fatigue  lives  of  the  criti- 
cal parts  shall  be  determined  by  a method  acceptable 
to  the  procuring  activity  (Chapter  4,  AMCP  706- 
201).  If  one  or  more  parts  have  lives  shorter  than 
required,  the  flight  envelope  may  be  restricted  or  the 
parts  may  have  to  be  redesigned  and  rcqualified. 
Failure  to  comply  with  the  fatigue-life  requirement  of 
the  helicopter  system  specification  usually  will  result 
in  a penalty  being  applied  to  the  contractor. 
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weight  conditions,  and  throughout  the  extreme  tem- 
perature range  specified  by  rhe  cuiiiiuci.  An  cxicnsivc 
series  of  tests  is  specified  by  Chapter  9.  AMCP  706- 
203.  These  tests  can  be  relaxed,  or  eliminated,  pro- 
vided that  it  can  be  demonstrated  to  the  satisfaction 
of  the  procuring  activity  that  the  helicopter  is  free  of 
mechanical  instability. 

Occurrence  of  the  instability  problem  usually  is  a 
result  of  a primary  failure  in  the  system.  Additional 
information  is  contained  in  Refs.  22,  23,  and  24.  The 
discussion  that  follows  supplements  the  analytical 
review  given  in  Chapter  5,  AMCP  706-201. 
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The  analysis  of  the  mechanical  instability  of  two- 
bladed,  hinged  rotors  differs  from  that  of  rotors  with 
three  or  more  blades.  In  the  original  analysis  (Ref. 
22)  it  was  assumed  that  the  support  system  below  the 
rotor  — including  the  fuselage,  pylon,  and  landing 
gear  — could  be  resolved  into  a single-dcgree-of- 
freedom  support  in  each  of  two  perpendicular  (fore- 
and-aft  and  lateral)  directions.  This  necessitates  the 
computation  of  the  effective  mass  and  effective 
lateral  and  fore-and-aft  hub  springs  in  the  rotor  plane 
for  each  mode  of  vibration  of  the  support.  It  was 
further  aasurn  d that  each  support  system  mode  can 
be  treated  independently. 

The  analysis  is  used  to  compute  the  coupled 
natural  frequencies  of  the  model,  which  has  elements 
of  both  fixed  and  rotating  systems;  thus,  the  fre- 
quencies can  be  calculated  and  plotted  in  either 
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Figure  5-16.  Two-dcgrce-of-freedoas  Coleman  Plot 

system.  Such  graphs  (Coleman  plots)  present  both 
frequency  and  stability  information  according  to  con- 
ventions detailed  in  Ref.  22. 

Potential  instabilities  — A through  F — indicated 
in  the  frequency  plot  in  Fig.  5-15  are  classified  in 
throe  categories  in  accordance  with  the  mode  of  exci- 
tation: 

1.  Poi-its  A and  B:  ordinary  resonar cc*  (reso- 
nance with  steady  force)  that  occur  at  one-half  the 
support  system  coupled  natural  frequency  for  any 
support  mode  (Point  A)  and  at  the  coupled  rotor- 
pylon  natural  frequency  (Point  B) 

2.  Points  C and  D:  shaft-critical  speeds  (excita- 
tion by  an  out-of-balance  force)  that  occur  at  the 
coupled  (Point  C)  and  uncoupled  (Point  D)  support 
system  frequencies 

3.  Points  E and  F:  coalescence  of  pylon  and  blade 
frequencies,  marking  boundaries  of  the  mechanical 
instability  range  (self-excited  modes  due  to  negative 
damping  forces).  These  points  always  occur  at  rotor 
speeds  greater  than  the  fircA  ir.pl  ane  rotor  natural  fre- 
quency (Point  B). 

The  analysis  of  Ref.  includes  two  degrees  of 
freedom  of  the  support  system  in  each  direction.  The 
rotational  system  frequency  plot  generated  by  this 
analysis  is  given  in  Fig.  5-16.  It  shows  nn  additional 
steady  force  resonance  B,  an  additional  shaft  critical 
range  H-I,  and  two  additional  instability  ranges  F-Ci 
and  L-M. 
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Figure  5-17.  Two-degree-of-frcedom  Coleman  Plot  Showing  Satisfaction  of  Minimum 
Frequency  Criteria  for  Two-blade  Hingeless  Rotor 


5-4  J.7,  Two-Madcd  Rotors  Without  Hinges 

!i  can  be  shown  Shat  (wo'blsdcd  hi"£f Ivss  ro!crs 
can  be  approximated  by  rotors  with  cfTcctivc  hinges; 
thus,  the  analyses  discussed  in  par.  5-4.3. 1 also  can  be 
applied  to  this  case.  Because  of  the  location  of  the 
rotor  natural  frequencies,  the  ground  resonance 
requirements  can  be  me!  by  satisfying  the  following 
criteria  (see  Fig.  5-17): 

1.  Sufficient  damping  must  be  provided  by  the 
landing  gear  and  undercarriage  structure  of  the  air- 
frame to  remove  the  instabilities  (such  as  D-E) 
associated  with  the  rigid-body  degrees  of  freedom  of 
the  airframe  on  its  landing  gear.  The  exact  amount  of 
damping  required  to  stabilize  the  region  D-E  is  not 
known,  but  it  is  probably  Ins  than  3%  critical.  For 
configurations  with  skid  gear  and  pylon  isolation,  the 
inherent  damping  of  the  system  always  is  sufficient  to 
prevent  instability. 

2.  The  mast  frequency  in  the  rotating  system 
(Point  B)  shall  be  no  less  than  1 .2  per  rev.  This  guar- 
antees that  the  mechanical  instability  associated  with 


the  coalescence  of  the  two  support  system  fre- 
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operating  range. 

3.  The  first  inplane  natural  frequency  of  the  rotor 
at  high  collective  pitch  shall  not  be  less  than  I 15 
times  the  rotor  speed.  This  assures  that  the  mechan- 
ical instability  associated  with  the  coalescence  of  the 
rotor  natural  frequency  and  the  lowest  support 
system  mode  (Point  C)  will  be  above  the  overspecd 
operating  range  (1 10%  rotor  speed),  and  prevents  ex- 
cessive response  to  steady-state  one-per-rev  excita- 
tion (fl  - I7e  line). 

5-4.3  3 Multibladed  Rotors 
The  analyses  discussed  in  pars.  5-4.3. 1 and  5-4.3.2 
arc  special  cases  of  the  classical  analysis  given  by 
Coleman  (Ref.  25)  fot  multibladed  rotors.  For  rotors 
with  three  nr  more  blades,  there  is  no  preferred  direc- 
tion of  motion  associated  with  out  of-balanct  forces; 
the  stability  ranges  given  in  Fig.  5-16  by  D-E  and  H-l 
are  reduced  to  simple  resonances  of  the  support 
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modes  with  the  operating  speed  of  the  rotor.  Thus, 
the  number  of  degrees  of  freedom  is  reduced, 
simplifying  the  equations  of  motion  However,  the 
analyses  of  the  mechanical  instability  ranges  J-K  and 
L-M  in  Fig.  5-16  arc  identical  to  the  two-bladed  case 
and  must  be  treated  with  the  same  considerations. 

5-4.4  FLUTTER  ASSESSMENT 

The  other  types  of  potential  rotor  instability  are  di- 
vergence and  flutter.  The  discussion  that  follows 
supplements  the  analytical  review  given  in  Chapter  S, 
AMCP  706-20!. 

When  the  developing  aerodynamic  forces  simply 
overpower  the  elastic  constraints  and  the  motion 
exceeds  some  preselected  bounds,  i.e.,  goes  unstable, 
divergence  has  been  reached.  Flutter  usually  involves 
3 change  in  and  coalescence  of  two  or  more  system 
natural  frequencies  because  of  dynamic  or  aerody- 
namic effects,  and  the  coupling  of  oscillatory  motion 
of  the  lifting  surface  with  the  airstream  in  such  a way 
as  to  derive  energy  rrom  the  airqream  to  increase  the 
motion. 

The  first  formulation  of  the  flutter  problem  was 
published  in  1934  and  subsequently  republished  as 

n -i*  *»/ 
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Each  potential  flutter  problem  is  related  to  modal 
couplings  that  arc  configuration-oriented,  and  the 
number  of  such  couplings  is  very  large.  Further,  in 
each  specific  configuration,  the  stability  equations  in- 
volve a large  number  of  parameters  whose  meaning 
and  measure  are  only  made  clear  by  a rather  precise 
analytical  diagram  or  model.  Thus,  a specific,  rather 
than  general,  method  has  evolved.  No  method  has  yet 
been  devised  for  writing  meaningful  specifications 
and  simple  instructions  for  designers  for  the  preven- 
tion or  avoidance  of  these  instabilities.  Notable 
aiicmpts  toward  simplification  arc  given  in  Ref.  27 
for  fixed-wing  aircraft  and  Ref.  28  for  helicopters, 
and  a recent  attempt  at  ordering  and  classifying  is 
given  in  Ref.  29. 

S-4A.  1 Cu treat  Criteria 

The  most  comprehensive  list  of  static  and  oscilla- 
tory acroclastic  instabilities  compiled  to  date  for  heli- 
copter! is  presented  in  Ref.  29.  Several  specific  con- 
figuration-oriented problems  are  named,  and  for- 
mulas are  given  for  determining  static  and  oscillato- 
ry stability  boundaries.  This  list  could  be  extended  to 
form  the  basis  for  a usable  specification  dealing  with 
the  acroclastic  phenomena  basic  to  helicopters. 

S-4.4.2  DesJga  CoMMeratiotu 

To  discuss  design  considerations,  it  is  convenient 
to  classify  the  applicable  aircraft  configurations  as 
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helicopter  and  compound;  and  under  each  to  discuss 
fixed  and  rotating  system  divergence  and  flutter,  or 
static  and  oscillatory  scromochanical  instabilities. 

5-4.4.2.1  Helicopter 

$-4.4.2. 1.1  Fixed  System 
Historically,  relatively  little  attention  has  been 
given  to  fixed-system  divergence  and  flutter  for  heli- 
copters, as  other  design  and  operational  requirements 
such  as  static  strength,  fatigue  life,  and  operating 
speed  have  precluded  divergence  and  flutter. 

5-4. 4. 2. 1.2  Rotating  System 
A number  of  ro'or  acromechanica!  instability 
problems  were  encountered  in  the  period  before  1960. 
Solutions  usually  were  worked  out  by  trial  and  error 
long  before  they  were  understood  mathematically. 
Included  were  problems  such  as  weaving,  pitch-flap, 
pitch-lag.  and  pitch-cone  instabilities,  and  stall  and 
binary  flutter.  Of  these  only  one  of  recent  occurrence 
is  stall  flutter,  which  has  been  actively  researched 
(Refs.  30  and  31).  This  work  has  provided  an  under- 
standing of  the  problem  and  the  ability  to  predict  the 
siuii  flutter  boundary  with  reasonable  accuracy. 

The  basic  design  changes  that  solved  most  of  these 
problems  were  overbalanced  blades,  torsionally  stiff 
Hades,  and,  with  the  advent  of  hydraulic  boost,  in- 
creased control-system  stiffness. 

During  the  design  of  conventional  rotors,  the  cur- 
rent practice  is  to  forego  elaborate  calculations.  The 
only  mandatory  check  for  main  rotors  is  that  the 
chordwise  location  of  the  effective  CC  of  the  blade  be 
forward  of  25%  chord,  and  preferably  forward  of  24% 
chord  For  unconventional  designs,  serious  con- 
sideration should  be  given  to  detailed  quantitative 
analysis.  The  list  of  known  problems  should  be 
checked  to  sec  if  an  analytical  solution  is  available, 
preferably  a method  that  has  been  checked  against 
experimental  results. 

5-44,2,2  Compound 

5-4. 4. 2. 2.1  Fixed  System 
In  the  development  of  compound  helicopters,  con- 
siderable attention  has  been  given  to  divergence  and 
flutter  due  to  the  extension  of  the  speed  range  beyotur 
that  of  conventional  helicopters.  Conventional  prac- 
tices, such  as  those  outlined  in  Chapter  5,  AMC" 
706-201,  are  adequate.  In  one  known  case,  signifi- 
cant buffeting  of  the  vertical  fin  was  encountered  due 
to  the  impingement  of  disturbed  air  from  the  hub  and 
pylon.  The  problem  was  solved  by  cleaning  up  the 
flow. 
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A great  deal  of  researrh  hat  been  accomplished 
during  the  ez.  tension  of  the  helicopter  speed  range  by 
compounding.  Ref.  32  it  a good  summary  of  the  early 
work  in  this  ana.  This  work  showed  that  increasing 
advance  ratios  and  blade  tip  Mach  numbers  require 
progressive  unloading  of  the  rotor  and  reduction  of 
rotational  speed  — even  down  to  zero.  The  associ- 
ated dynamic  phenomena  are  continuous  and 
trackable  until  zero  rotor  speed  is  approached. 

At  high  advance  ratios,  thrust  and  flapping  control 
are  difficult  because  of  high  sensitivity  to  g usts.  The 
principal  dynamic  problem  is  limit-cycle  flipping  in- 
stability. This  instability  produces  both  harmonic 
and  nonharmonic  flapping,  the  latter  being  visibie  as 
a weaving  cf  the  tip  path  plane.  The  history  of  this 
probiem  is  sketched  and  the  picture  clarified  in  Ref. 
33,  which  shows  two  azimuthal  regions  of  instability, 
om  on  the  advancing  side  due  to  negative  spring  rate, 
and  one  on  the  retreating  tide  due  to  negative  damp- 
ing, Measures  for  stabilizing  both  are  discussed. 

SU=?  ACOUSTIC  LOADING 

Conventional  rotors,  because  of  their  relatively  low 
disk  loadings,  experience  negligible  acoustic  loading. 
Airflow  over  the  blade  surfaces  cat)  reach  sonic  ve- 
locity locftlly  and  momentarily  produce  a shock 
wave.  Aerodynamic  loading  variations  occ  I,  pri- 
marily at  the  blade  tip,  which  generate  the  character- 
istic acoustical  signature  referred  to  as  blade  slap 
Rotors  hsvc  operated  in  such  an  environment  for 
yean  with  no  evider.*  of  structural  fatigue  caused  by 
either  aerodynamic  or  acoustic  loading.  Blade  slap 
has  been  shown  to  be  drag-related,  hence,  the 
acoustic  loading  occurs  inpiane  along  the  axes  of 
maximum  strength  of  the  blade  skin. 

Proprotore  and  propellers  located  in  doss  proxim- 
ity to  either  a fuselage  or  a wing  can  experience  *ome 
degree  of  acoustic  loading.  However,  the  rotor  air 
pressure  impingement  on  tfc  fuselage  cr  wing  struc- 
ture is  an  order  of  magnitude  more  significant  than 
acoustic  loading  of  the  rotating  system 

Tail  rotors  located  does  to  a tail  boom  eiiparience 
aerodynamic  kUidiug  catued  by  the  partial  blockage 
of  airflow  am,  the  intis  farcin*  by  the  fin  with  the 
blade  surface  pressure  field.  As  with  conventions! 
main  rotors,  there  is  no  evidence  of  measurable 
ccoiistk  loading.  Ducted  fans  used  as  antitorque 
devices,  because  of  their  relatively  high  disk  loadings, 
may  ptoduce  greater  acoustic  loading  than  con- 
ventional tail  rotors.  However,  the  duct  surrounding 
the  fan  experiences  higher  loadings  than  do  the  fan 
blades. 


5-4.6  GUST  LOADINGS 

The  need  for  meaningful  gust  loading  specifica- 
tions has  increased  with  the  development  of  high-per- 
formance helicopters  and  compounds.  The  first  de- 
finitive work  wii  Ref.  33,  in  which  the  nature  of  the 
problem  was  elucidated  and  some  solutions  were 
offered.  A more  precise  treatment  requited  more  so- 
phisticated analytical  methods.  One  such  method  (an 
extension  of  the  rotorcraft  flight  simulation  method 
discussed  in  par.  5-4,1. 1)  wtu  developed  and  used  for 
an  extensive  study  of  the  problem  (Ref.  34).  This 
reference  also  reviews  the  state  of  the  art.  The  prob- 
lem of  helicopter  response  to  gusts  and  some  of  the 
design  considerations  are  discussed  in  pars.  5-4.6. 1 
and  J-4.6.2  that  follow. 

$-4.6.1  Dbonata  of  the  Glut  Problem 

Rotary-wing  aircraft  experience  milder  reactions  to 
gusts  than  do  most  fixed-wing  aircraft.  One  of  the 
tarliest  reports  of  this  difference  presents  qualitative 
reactions  of  two  pilots  on  a dual  flight,  oim  n a heli- 
copter with  side  by-side  rotors  and  the  t aer  in  a 
fixed-wins  pimlinc  A similar  leg!  war  conducted 
later  by  NACA  with  instrumentation  to  measure  nor- 
mal forces  in  both  types  of  aircraft  flying  through  tur- 
bulent air. 

The  relatively  mild  reaction  of  the  rotary-wing  air- 
craft is  not  substantiated  by  the  simple  theoretical  ex- 
pressions currently  tn  use,  particularly  those  that 
evolved  from  fixed-wing  experience.  Fig.  5-18  shows 
an  example  of  gus  lo-d  factors  resulting  from  «harp- 
edged  gusts,  computed  oy  the  procedure  in  Ref.  35. 
This  procedure  it  conservative  in  that  it  neglects  stall 
and  compressibility  effects  and  assumes  instants ne- 
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ty,  and  black  ' ^ping. 

MIL-S-8698  provides  a gust  alleviation  factor  by 
which  theoretics,  gust  load  factor  may  be  reduced. 


FVtutc  5-18.  Gust  Load  Factor  Computed  for  the 
UH-1B  Helicopter  Uriag  Linear  Theory 
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This  gust  alleviation  factor  A£  is  given  as  a function 
of  rotor  disk  loading,  and  is  equal  to  tmity  for  disk 
loadings  greater  than  6 lb/ft\  as  shown  in  Fig.  5-19. 

At  high  speeds  end  for  disk  loadings  greater  than  5, 
gust  load  factors  computed  in  accordance  with  M1L- 
S-8698,  including  the  gust  alleviation  factor,  a'e  very 
high.  When  maneuver  leads  are  superimposed  on 
these  gust  loads,  an  unrealistic  situation  results.  On 
the  other  hand,  studies  indicate  that  the  thrust 
capability  oi  j rotor  actually  decreases  with  in- 
creasing advance  ratio.  The  aerodynamic  limit  shown 
in  Fig.  5-20  is  calculated  by  a digital  method  based  on 
Ref.  36  which  includes  the  effects  of  stall  and  com- 
pressibility. Also  shown  in  Fig.  S-20  is  a practical 
limit  for  the  same  rotor  based  on  flight  test  data.  The 
practical  limit  is  a result  of  oscillatory  rotor  loads  and 
stall  flutter  effects,  and  is  the  controlling  limit  on 
rotor  thrust  capability  at  high  advance  ratios.  This 
conclusion  is  supported  by  Kef.  30. 

Unloading  the  rotcr  by  adding  a wing  would  give 
the  rotor  a greater  margin  to  accept  gusts.  The  advan- 
tage, however,  is  not  as  great  as  might  be  expected, 
because  the  rotor  usually  will  assume  the  larger  share 
of  the  lift  increase  resulting  front  gusts,  as  shown  by 
tests  with  an  AVLABU-ScII  high-pci furuiancc  heli- 
copter. The  gust  alleviation  factor  given  by  MIL-S- 
8698  was  found  to  be  unrealistically  low  for  a rotoi 
unloaded  in  this  manner. 

An  early  attempt  at  treatment  of  gust  effects  on 
rotary-wing  aircraft  is  reported  in  Ref.  33.  Sine- 
squared  gust  shapes  were  considered  instead  of 
sharp-edged  gusts,  and  a mass  ratio  comparable  to 
that  used  in  fixed-wing  analysis  replaced  disk  loading 
in  the  determination  of  the  gust  alleviation  factor. 
Fig.  5-2!  sh(  ws  the  results  of  that  study.  It  suggests  a 
gust  alleviation  factor  considerably  smaller  than  that 
given  in  MiL-5-8696.  The  scope  ol  the  study,  how- 
ever, was  insufficient  to  define  requirements  for  all 
types  of  rotary-wing  aircraft.  Furthermore,  gradual 
penetration  into  the  gusts,  nonsteady  aerodynamics, 


fine"  aeroclastic  feedback  were  not  considered.  Sub- 
sequent studies  (Refs.  34  and  37)  attempted  to 
remedy  these  deficiencies  and  to  include  unsteady 
aerodynamics  as  well  as  additional  variables 'such  as 
gust  shape  and  intensity,  forward  speed,  disk  loading, 
thrust  cocfTicicnt-solidity  ratio,  and  advancing  tip 
Mach  number.  The  design  considerations  derived 
from  these  studies  are  reviewed  in  par.  S-4.6.2. 


S-4.6.2  Gust  Design  Considerations 
From  the  studies  in  Refs.  34  and  37  several  prin- 
cipal conclusions  can  be  drawn.  The  gust  alleviation 
factors  Kg  given  in  M1L-S-8698  are  too  conservative. 
The  use  of  a rotor  mass  ratio  ng  to  determine  Kg  by 
analogy  with  the  fixed-wing  approach,  as  suggested 
in  Ref.  33,  also  does' hot  give  satisfactory  results. 
Nevertheless,  gust  loads  cannot  be  ignored  in  rotor 
design.  Fending  preparation  of  criteria  to  replace  the 
gust  load  requirements  of  M1L-S-8698,  alternative 
methods  for  determination  of  gust  load  factors  may 
be  used,  subject  to  the  prior  approval  of  the  pro- 
curing activity. 
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Figure  5-28.  Ruiur  Limits  as  t function  ol 
Advance  Ratio 


Figure  5-21.  Results  ot  a Load  Gust  Stuay  Compated 
With  Military  Specification  Requirements 
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For.  all  the  helicopters  and  compounds  investi- 
gated in  Ref.  34,  the  rotor  gust-load  ratio  AT/T^, 
can  be  expressed  by  the  empirical  expression 

AT  0.057  0.85-1* 

7"w  ’ (£r  \ + 1Z«,  ~ C <5'7) 

where  ' how 

C.  - empirical  constant,  dimensionless 

L*  - wing  lift,  lb 

L,JTkj{JS  - wing  lift  ratio  prior  to  gust  encoun- 
ter, dimensionless 

This  relationship  gives  reasonable  accuracy  with  ap- 
propriate conservatism  with  C * 0.2  for  semirigid 
(teetering)  rotors  and  C»0.l  for  rigid  and  articula- 
ted rotors.  For  a compound  helicopter,  the  wing  gust 
load  should  be  determined  by  conventional  fixed- 
wing  methods.  However,  sn  additional  Alleviation  of 
the  wing  gust  load,  owing  to  the  interaction  with  the 
rotor,  was  found  to  be  related  to  the  rotor  thrust  co- 
efficient-solidity ratio  c7r/a.  With  further  refinement, 
this  approach  may  provide  an  acceptable  basis  for 
gust  design  requirements. 

The  relative  effects  of  various  parameters  on  gust 
response  arc  summarized  in  Table  5-1. 

$-4.7  TORSIONAL  STABILITY 
Gas  turbine  engines  first  developed  for  aircraft  in- 
cluded fixed-turbine  engines  for  both  turbojet  and 
turboshaft  configurations,  and  free-tuibine  engines 
for  driving  rigid  loads  or  loads  with  natural  fre- 
quencies far  above  the  maximum  response  range  of 
the  engine  governor.  Sophisticated  hydromechanical 


TABLE  $•!.  THE  RELATIVE  EFFECTS  OF 
VARIOUS  PARAMETERS  ON  GUST  RESPONSE 


PARAMETER 

EFFECT 

DISK  LOADING 

LITHE  INFLUENCE 

aftW*  thAjSY  CCSJFicIW 

SOLIDITY  RATIO.  C/o 

MAJOR  EFFECT  (SEE  EQUATION  5-7) 

COMPOUNDING 

CONSIDERABLE  EFFECT  A)  HIGH  VALUES 
OF  CtAt  due  To  LIFT  SHARING  WITH  A 
ttSNG 

ROTOR  TVPE 

SOME  EFFECT  DEPENDS  ON  OTNAMICS 

NUMBER  OF  BLADES 

LITTLE  EFFECT 

NUMKR  OF  ROTORS 

INCREASED  EFFECT  FOR  TANDEM 
configuration 

FORWARD  VR0CITT  AND 
ADVANCING- TIP  MACH 
NUMBER 

LITTLE  INFLUENCE 

LOCK  NUMBER 

slight  aeouct'on  of  gust 

LOAD  WITH  INCREASED  LOCK 
NUMBER 

MICH  FLAT  COUPLING 

LITTLE  EFFECT 

PITCH  CCINL  COUPLING 

APPRECIABLE  EFFECT 

towvoon  IN 
COLLECTIVE  St  STEM 

APPRECIABLE  EFFECT 

governors  were  optimized  for  these  systems;  how- 
ever, these  governors  proved  unsatisfactory  for  heli- 
copter applications.  A serious  drive  system  insta- 
bility was  predicted  for  the  XH  -40,  the  first  helicop- 
ter using  the  f roe-turbine  engine  (this  analysis  was 
later  published  in  Ref.  38).  The  prddicted  instability 
occurred  as  predicted,  but  the  consequences  were  not 
serious.  Means  to  stabilize  the  system  had  Veer,  pro- 
vided and  the  test  program  was  able  to  proceed, 
although  with  a rather  sluggish  governor. 

Extensive  analog  computer  studies  have  shown 
that  serious  penalties  would  be  incurred  if  the  heli- 
copter drive  system  were  mortified  to  solve  the  prob- 
lem, but  that  modification  of  the  governor  resulted  in 
only  a slight  pentUy.  As  a result,  Ref.  39  was  for- 
mulated. This  publication  assigns  responsibilities  to 
both  the  engine  and  helicopter  manufacturers  in 
order  to  insure  early  recognition  and  solution  of  the 
drive  system  stability  problem  in  future  applications. 
The  discussion  that  follows  supplements  the  reviews 
of  drive  system  torsional  n&biiity  in  Chapter  5,  and 
of  the  engine/airfreroc  integrated  control  system  in 
Chapter  8,  both  in  AMCP  706-201. 

5-4.7. 1 Discussion  of  Problem 

The  dynamic  characteristics  of  three  systems  are 
involved:  the  gas  producer  and  its  governor,  the 
power  turbine  and  its  governor,  and  the  helicopter 
drive  system  with  one  or  mote  low  natural  fre- 
quencies. The  system  equations  of  motion  conveni- 
ently can  be  put  in  transfer  function  form  and 
arrayed  as  o block  diagram  (Refs.  38  and  40).  During 
throttle  movements,  the  gas  producer  governor  con- 
trols the  engine.  At  steady-state  throttle  conditions, 
the  power-turbine  governor  controls  power-turbine 
speed  by  modulating  fuel  flow.  When  this  speed 
ut  ops  below  the  selected  value,  additional  fuel  flow  is 
called  for  to  nullify  the  error.  Accordingly,  when  the 
power  turbine  ovcrspecds,  fuel  flow  is  decreased.  This 
cycle  of  events  can  be  stable  or  unstable  depending 
upon  system  parameters. 

The  drive  system  for  rotors  without  drag  hinges 
usually  can  be  simplified  to  a system  consisting  of  the 
main-rotor  a"d  power-turbine  inertias  connected  by 
the  effective  shaft  stiffness  between  them.  This  is  a 
single-degree -of-freedom  system  in  which  the  main 
rotor  can  be  considered  as  nodalized  because  its  iner- 
tia is  much  larger  than  that  of  the  power  turbine.  This 
mode  usually  has  a natural  frequency  below  5 Hz,  is 
lightly  damped,  and  is  continuously  excited  at  a low 
level  by  rotor  control  motions  and  external  transi- 
ents. Resulting  oscillations  in  the  power  turbine 
speed  arc  sensed  by  the  fiybail  governor,  which 
modulates  the  fuel  Row  accordingly.  With  a governor 
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optimized  for  a system  with  a high  natural  fre- 
quency, the  oscillation  of  the  torque  at  the  turbine 
wheel  that  follows  will  be  so  phased  that  it  reinforces 
the  original,  ltw-frequency,  drive  system  oscillation. 
Unstable  torsional  motion  results. 

It  is  not  feasible  to  stabilize  the  system  either  by  in- 
cluding mechanical  dampers  in  the  drive  shaft  or  by 
stiffening  the  shafting  sufficiently  to  move  the  natural 
frequency  out  of  the  response  range  of  the  governor. 
Furthermore,  the  gains  and  time  constants  of  the 
engine  and  governor  can  be  varied  only  within 
narrow  iimits  One  effective  solution  is  to  use  a small 
amount  of  valve  overlap,  which  allows  the  tiyball 
governor  to  oscillate  the  fuel  valve  a small  amount 
without  modulating  fuel  flow. 


5-4. 7. 2 Design  Consideration.? 

Ref.  39  establishes  an  effective,  three-phase  proce- 
dure that  adequately  deals  with  the  problem.  Briefly, 
the  steps  include: 

1.  The  engine  .designer  provides  as  much  flexi- 
bility as  possible  in -the  engine  governor  parameters. 

2.  Early  in  the  preliminary  design,  the  engine  and 

helicopter  designers  exchange  system  parameter*  and 

each  designer  conducts  an  analysis  of  the  system. 

3.  The  helicopter  designer  selects  the  optimum 
solution  determined  by  the  analyses. 

Several  efficient  computer  methods  of  analysis  now 
exist,  including  analog,  digital,  and  hybrid.  The  ana- 
lysis can  be  complete,  including  the  nonlinear  para- 
meters for  the  full  range  of  engine  operation,  or  a per- 
turbation analysis  can  be  performed  in  which  an 
operating  point  is  selected  about  which  oscillatory 
stability  is  determined.  The  complete  analysis  is  much 
more  complex,  but  it  determines  transient  response 
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lysis  usually  i«t  adequate  for  determining  stability 
alone. 


5-5  BLADE  RETENTION 


5-5.1  RETENTION  SYSTEM  DESIGN 
CONSIDERATIONS 


The  fully  articulated,  gimbaled  (teetering),  and 
rigid  (hingeless)  rotors  are  described  in  par.  5-3.  The 
blade  retention  requirements  for  each  are  different, 
and  are  discussed  in  the  paragraphs  that  fellow. 


5-5.1. 1 Articulated  Rotors 
The  fully-articulated  rotor  system  provides  free- 
dom of  blade  movement  about  flap  and  lag  hinges  in 
response  to  aerodynamic  forces  resulting  from  pitch 
change  and/or  flight  conditions.  This  flap  and  lag 
freedom  reduces  the  flap  and  Ia,j  moments  to  zero  at 
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the  respective  hinges.  The  lag  dampers  (shock  ab- 
sorbers) prevent  unstable  blade  oscillations  about  the 
lag  hinges.  Dampers  usually  arc  not  required  for  flap 
hinges  because  of  the  amount  of  aerodynamic  dam- 
ping provided  by  flapwise  Hade  motion. 

The  design  considerations  for  a typical  articulated 
rotor,  the  motions  and  loads  for  each  hinge,  and  their 
effect  on  the  helicopter  are  discussed  in  par.  5-5.1. 1.1. 
This  rotor  has  the  flap  hinge  inboard,  then  the  lag 
hinge,  and  then  the  pitch  axis  hinge  outboard.  The 
effects  of  reversing  the  hinge  arrangement  arc  con- 
sidered in  par.  5-5. 1.1. 2. 

5-5.1.I.I  Typical  Articulated  Rotor  Considerations 

The  Boeing-Vertol  Model  107  rotor  is  shown  in 
Fig.  5-22.  The  hinge  arrangement  of  this  rotor  also  is 
typical  of  the  "ikorsjcy  S-51,  the  Bristol  Model  171, 
the  Alouette  II,  and  (he  Russian  Mil  6,  8,  and  10  air- 
craft, among  others. 

The  flap,  lag,  and  pitch  hinges  on  the  Model  107 
rotor  have  oi!lub>  icqtcd,  cylindrical  roller  bearings. 
The  three  flap  hinges  have  a common,  centrally 
located  reservoir,  while  each  of  the  other  hinges  has 
its  oyvn  reservoir.  Each  reservoir  has  one  or  more 
sight  glasses  to  indicate  oil  level.  Radial,  positive- 
contact  seals  retain  the  lubricant  in  the  bearings. 

The  flap  hinge  is  offset  both  radially  and  in  the 
direction  of  rotation.  The  radial  offset  of  the  flap 
hinge  axis  is  small,  approximately  1.7%  of  the  blade 
radius,  and  is  as  close  to  the  rotor  center  as  shaft  and 
hinge  sizes  permit.  Because  of  the  small  radial  offset 
of  the  flap  hinge,  the  control  forces  generated  by  this 
rotor  come  primarily  from  thrust  vector  tilt,  with  a 
small  contribution  from  the  vertical  component  or 
the  flap  hinge  forces  tsee  Fig.  5-2  (B) ). 

The  off»  X of  the  flap  hinge  >n  the  direction  of  rota- 
tion (also  known  as  the  torque  offset,  and  shown  as 
dimension  “a”  in  the  plan  view,  Fig.  5-22)  is  chosen 
to  satisfy  two  requirements: 

1.  To  equalize  loads  on  the  flap-hinge  bearings 
when  the  blade  is  in  the  lag  position,  corresponding 
to  normal  flight  torque 

2.  To  avoid  reversing  axial  motion  of  the  flap 
hinge  bearings  due  to  blade  lead-lag  motion  in  nor- 
mal flight. 

The  flap  hinge  cylindrical  roller  bearings  with- 
stand blade  centrifuge,  force,  alternating  loads  due  to 
blade  lag  oscillation,  and  blade  vertical  shear  forces, 
and  experience  one-per-rev  flapping  oscillations  of 
±4-6  deg.  Thrust  loads  are  carried  by  a b.  onze  thiust 
bearing. 

Permanent  stops  prevent  excessive  blade  droop  or 
flap  motion  due  to  winds  while  the  helicopter  is 
parked  or  during  rotor  shutdown.  These  stops  are  set 
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so  that  no  contact  occur*  in  normal  (light.  The  flap 
stops  prevent  possible  overturning  of  the  blade; 
droop  stops  prevent  blade/fuseiege  contact. 

Slade  angular  displacement  about  the  lag  hinge  — 
stop  to  stop  — varies  inversely  with  the  radial  posi- 
tion of  the  hinge.  However,  large  angular  lag  dis- 
placement adversely  affects: 

1.  Blade-to-blade  clearance  in  a tandem  helicop- 
ter 

2.  Pitch  arm  kinematic  error 

3.  Lag  damper  stroke. 

The  Model  107  lag  hinge  is  located  as  far  inboard 
as  possible,  consistent  with  the  lag  displacement  con- 
siderations listed,  in  order  to  keep  the  mass  of  the 
pii’h  hinge  and  the  blade  retention  joint  inboard  and 
thus  reduce  the  centrifugal  loads. 

The  lag  damper,  in  addition  to  meeting  require- 
ments for  stability  of  the  lag  motion,  functions  as  the 
lead  and  lag  stops  of  the  blade.  Design  loads  for  the 
stops  are  the  rotor  starting  condition  and  the  rotor 
braking  loads  at  shutdown.  The  damper  is  positioned 
so  that  the  centrifugal  load  on  the  damper  will  be 
along  the  piston-rod  axis  and  will  not  result  in  piston- 
rod  bending  or  internal-bearing  wear.  Lag  damper 
enu  tearing*  are  lined  with  Teflon  fabric  for  mainte- 
nance-free operation. 

FLAP  HINGE  PIN 


The  rolling  element  bearings  of  the  lag  hinge  are 
subject  to  centrifugal  loads  plus  reactions  from  blade 
alternating  and  steady  bending  moments.  Vertical 
shear  loads  are  carried  by  bronze  thrust  bearings. 
Blade  lag  oscillatio  is  in  the  order  of  ± 1 deg. 

The  cylindrical  roller  bearings  of  the  pitch  (feather) 
hinge  react  blade  steady  and  alternating  bending 
moments  and  shears  at  the  root  of  the  blade.  Typical 
oscillation  angles  in  forward  flight  are  ±4-6  deg.  Ten- 
sion-torsion straps,  consisting  of  many  slotted 
stainless  steel  elements,  react  the  blade  centrifugal 
leads.  These  straps  twist  easily,  providing  freedom 
for  blade  pitch  change  with  negligible  effect  on  the 
pitch  control  linkage  forces.  The  pitch  arm  connects 
to  the  upper  end  of  ihe  pitch  link  nearly  in  line  with 
the  flap  hinge  axis;  the  locations  of  this  attachment 
and  the  lower  attachment  of  the  pitch  link  to  the 
swashpiate  were  chosen  to  obtain  favorable  coupling 
of  blade  pitch  with  flap  and  lag  displacements. 

Two  taper  pins  in  a multiple  clevis  joint  attach  the 
blade  to  the  outboard  end  of  the  pitch  housing.  The 
clevis  provides  freedom  for  manual  folding  of  the 
blades  about  one  or  the  other  taper  pin,  depending 
upon  the  required  direction  of  fold. 


PITCH  ARM 


ROTOR  BLADE 


figure  5-22.  Articnlated  Rotor  (Boeing  Model  107) 
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5-5. 1. 1.2  Reversed  Hiage  Articulation 

The  coincident  lag  and  flap  hinge  arrangement 
shown  schematically  in  Fig.  5-4  is  used  on  all  pro- 
duction Sikoisky  helicopters  from  the  S-5S  through 
the  S-65.  the  radial  location  of  these  coincident 
hinges  is  roughly  5%  of  the  blade  radius.  Good  con- 
trol power  results,  permitting  liberal  CG  travel  in 
these  single-rotor  helicopters.  The  toads  and  motions 
resulting  from  thjs  hinge  arrangement  and  the  reten- 
tion methods  usecLin  a typical  coincident-hinge  rotor 
(Sikorsky  S-6!)  ar^discussed  in  the  paragraphs  that 
follow. 

As  the  S-61  lag  hinge  bearings  arc  mounted  in  the 
star-shaped  hub,  normal  blade  coning  and  cyclic  flap- 
ping result  in  sizable  vertical  thrust  loads  along  the 
lag  hinge  axis. 

A pair  of  conical  roller  bearings  transfers  both 
radial  and  vertical  thrust  loads  of  the  lag  hinge  to  the 
upper  plate  of  the  hub,  while  S cylindrical  roller 
bearing  transfers  radial  loads  to  the  lower  plate. 

With  this  coincident-hinge  arrangement,  the  flap 
hinge  leads  and  lags  with  the  blade.  Loads  on  the  lead 
and  lag  bearings  of  the  flap  hinge  arc  equalized  by  a 
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thrust  along  the  flap  hinge  axis  is  due  to  blade  chord- 
wise  shear  forces.  These  forces  are  low  and  are 
carried  by  thrust  faces. 

The  pitch  (feather)  hinge  is  just  outboard  of  the  co- 
incident hinge,  and  blade  moments  and  shears  arc  of 
low  magnitude,  with  the  primary  reaction  for  this 
hinge  being  the  centrifugal  force  on  the  blade.  A 
stack  of  angular  contact  ball  bearings  arranged  in 
tandem  carries  the  centrifugal  forces  in  a very  com- 
pact arrangement.  A radial  bearing  pre-loads  the 
angular  contact  set  and  assists  in  carrying  moments 
and  shears. 

At  least  one  helicopter  (CH-47)  has  the  pitch  hinge 
inboard  cf  the  lag  hinge.  In  this  configuration  the  lag 
axis  rotates  with  blade  pitch  changes  and  is  perpen- 
dicular to  the  flap  hinge  axis  at  only  one  blade  pitch. 
The  weight  of  the  rotor  head  is  thus  reduced,  as  the 
blade  can  be  removed  or  folded  at  the  lag  hinge  and 
an  additional  attachment  joint  is  not  required.  Hinge 
loads  and  motions  for  this  configuration  are  similar 
to  those  of  the  typical  rotor  arrangement  first  dis- 
cussed, with  differences  resulting  mainly  from  the 
moments  and  shears  at  the  different  radial  locations 
or  the  pitch  and  lag  hinges.  Control  system  loads  do 
not  differ  significantly. 

This  rotor  configuration,  with  the  pitch  axis  hinge 
inboard  of  the  lag  hinge,  results  in  two  major  charac- 
teristics: 

1 . There  is  no  kinematic  coupling  of  pitch  with  lag. 

2.  The  "parked”  helicopter  has  reduced  blade/fu- 


sclage  clearances  in  that  the  weight  of  the  blade  in  a 
lead  or  lag  position  results  in  moment  about  the  pitch 
hinge,  causing  the  controls  to  “drift”  and  the  blade  to 
droop  below  the  normal  position. 

S-5.1.2  Gi  rebated  and  Teetering  Rotors 

The  gimbal-mountcd  rotor  and  the  two-bladed 
teetering,  or  see-saw,  rotor  have  blade  pitch-change 
hinges  rigidly  mounted  to  the  central  hub.  This  hub 
assembly  in  turn  is  free  to  pivot  with  respect  to  the 
mounting  structure  in  response  to  one-per-rev  blade 
forces,  thus  minimizing  loads  in  the  blade  root  and 
the  hub  due  to  first  harmonic  flapping.  Coriolis 
forces  in  the  lag  direction  similarly  are  reduced.  Alle- 
viation of  these  two  types  of  load  has  a significant 
effect  on  rotor-head  strength  requirements  at.d 
therefore  on  the  weight  of  the  components.  Elimina- 
tion of  the  lag  hinge  and  lag  damper  reduces  mainte- 
nance requirements  but  at  the  expense  of  providing 
strength  for  lead-lag  moments  that  do  not  go  to  zero. 
Also,  controllability  is  somewhat  lower  with  these 
hubs  because  it  results  from  thrust  vector  tilt  alone. 

S-5.1.2.!  Gimbal-mouated  Hubs 

Two-bladed  hubs,  fully  giir.bal -mounted  on  the 
rotor  shaft,  sce-saw  about  one  axis  for  cyclic  flapping 
and  arc  tilted  about  an  orthogonal  axis  for  cyclic 
pitch  control.  Collective  pitch  is  input  by  individual 
links  to  each  blade.  The  OH-13  and  the  OH-23  arc 
examples  of  helicopters  that  use  this  hub. 

The  gimbal  pivot  bearings  react  the  rotor  lift  forces 
and  also  transmit  the  drive  system  torque.  When  the 
rotor  plane  is  tilted,  the  Cardan  joint  characteristics 
of  the  gimbal  cause  oscillating  speed  torque  charac- 
teristics in  the  drive  system  that  must  be  considered  in 
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bility  in  the  gimbal  hinges  is  required  to  react  the  in- 
planc  rotor  forces. 

The  pivot  bearings  on  the  gimbal  axis  parallel  to 
the  blade  span  oscillate  with  cyclic  feathering  of  the 
blades  while  the  bearings  on  the  oxic  normal  to  the 
blade  span  oscillate  with  flapping  of  the  rotor.  Thus, 
the  bearings  on  the  pitch  axis  are  required  to  accom- 
modate only  the  collective  pitch  motions  of  the 
blades. 

Th;  pitch  axes  are  preconed  to  reduce  the  steady 
blade  flap  bending  moments  on  these  hinges  and  on 
the  hub  structure.  The  hub  structure  containing  the 
hinges  is  underslung  below  the  gimbal  pivot  so  that 
the  vertical  location  of  the  CG  of  the  blade  assembly 
in  the  normal  flight  position  is  close  to  that  of  the 
gimbal  pivot  point.  This  reduces  the  chordwitc  oscil- 
lation of  the  blade  CG  when  pitch  changes  are  made 
without  flapping,  as  discussed  in  Ref.  41. 
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Moments  end  sheer  forces  for  the  pitch  bearings 
ere  higher  then  those  of  en  equivalent  fully  articu- 
leted  rotor,  Mahons  ere  of  the  seme  order  of  magni- 
tude  but,  as  noted  previously,  do  not  indude  the  os- 
cillations due  to  cydic  pitch.  Retention  methods  ere 
the  seme  as  those  previously  described  for  the  pitch 
axis  of  the  fully  articulated  hub. 

5-5. 1.2.2  Teetering  Hebe 

Another  common  two-bladed  rotor  hub  configu- 
ration, used  on  the  OH-S8A  and  the  Fairchild-Hiller 
FH-1 100,  is  a hub  free  to  teeter  about  nn  axis  normal 
to  both  the  blade  span  and  the  rotor  shaft  for  cyclic 
flapping.  Control  linkages  to  each  blade  change  col- 
lective and  cyclic  pitch.  This  type  of  hub  has 
preconed  pitch  axes  underslung  below  the  teetering 
hinge,  and,  in  general,  the  loads  and  motions  arc 
similar  to  those  of  the  two-bladed,  gimbal-mounted 
hub.  However,  larger  chordwise  moments  are  caused 
by  the  lack  of  full  gimbal  provisions,  and  the  pilch 
axis  bearings  must  accommodate  the  oscillatory 
motions  of  cyclic  pitch  as  well  as  collect^ « motions. 

5-5.1  J Rigid  Rotor 

The  "rigid,”  or  hingeless,  rotor  blade  retention 
configuration  attaches  the  rotor  blades  firmly  to  the 
hub,  which,  in  turn,  is  attached  rigidly  to  the  rotor 
mast.  The  blade  retention  system  must  be  capable  of 
transferring  forces  and  moments  in  both  flapwise  and 
lead-lag  directions.  The  blade  centrifugal  force  may 
be  reacted  by  any  of  the  conventional  methods  (a  ten- 
sion-torsion strap,  an  elastomeric  bearing,  or  a stack 
of  antifriction  bearings).  The  retention  must  provide 
a pitch  change  capability  (both  cyclic  and  collective), 
and  the  centrifugal  force  must  bn  reacted  across  the 
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No  hinges  are  provided  for  flapwise  or  lead-lag 
motion  and  the  only  flap  or  lag  movement  of  the 
blades  relative  to  the  fixed  support  structure  is  due  to 
structural  deflection.  The  specific  layout  of  the  hub 
and  the  retention  determines  the  manner  and  extent 
to  which  these  deflections  couple  with  and  affect  the 
pitch  motion  of  the  blades. 

As  with  other  systems  that  do  not  incorporate  a 
flapping  hinge,  a precone  angle  usually  is  built  into 
the  blade  retention  for  a hingeless  rotor.  This  built-in 
angle  helps  to  alleviate  the  flapping  moment  that  the 
retention  must  react,  The  geometry  of  the  retention 
also  may  include  sweep  and/or  droop  of  the  span- 
wise  axis  of  the  blade  relative  to  the  feathering  hinge 
axis.  The  direction  and  amount  of  these  alignments, 
together  with  the  specific  geometry  of  the  blade  pitch 
control  input,  define  the  feedback  coupling  between 
blade  ir  tion  and  pitch  control  input.  The  necessity 


for  and  significance  of  these  coupling  effects  upon  the 
stability  of  the  rotor  system  are  discussed  in  detail  in 
Chapter  S,  AMCP  706-201. 

The  advantages  of  the  hingeless  rotor  system  in- 
clude the  high  level  of  control  provided  by  the  trans- 
fer of  moments.  The  system  may  be  physically  simple,, 
but  the  strength  required  to  transmit  the  forces  and 
moments  across  the  blade  retention  system  can  cause 
the  retention  to  be  heavier  than  is  true  for  other  types 
of  rotors. 

5-5.2  COMPONENT  DESIGN 
CONSIDERATIONS 

The  design  considerations  applicable  to  the  use  of 
rolling  element  bearings  in  rotor  blade  retention 
systems  arc  reviewed  in  this  paragraph.  Additional 
discussion  of  bearings,  for  blade  retentions  and  for 
other  applications,  is  found  in  par.  16-3. 

Other  components  associated  with  the  blade  reten- 
tion system  that  also  are  discussed  in  this  paragraph 
are:  lag  dampers,  lead  and  lag  stops,  droop  and  flap 
stops,  and  druop  and  flap  retainers. 

5-5.2. 1 Rolling  Element  Bearings 

Rolling  element  bearings  are  widely  used  in  rotor 
hinges.  Experience  with  them  has  been  good  and  the 
technology,  which  is  based  upon  both  analytical 
methods  and  empirical  data,  has  been  verified  by 
extensive  service  experience.  Gene  ally,  these  bear- 
ings are  compact.  Bearing  friction  *s  low  and  has  a 
negligible  effect  on  hub  loads  However,  the  effect  of 
pitch  axis  bearing  friction  on  control  system  loads 
should  be  evaluated;  on  large  helicopters  this  friction 
usually  is  low  compared  with  the  aerodynamic  and 
dynamic  loads,  but  on  smaller  helicopters  the  effect 
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The  failure  mode  of  oscillating  rolling  element 
bearings  most  generally  encountered  is  gradually  pro- 
gressive spalling  that  results  in  looseness,  heat 
generation,  and  aircraft  vibration.  These  factors  have 
some  incipient  failure  warning  characteristics. 

Both  grease-  and  oil-lubricated  bearings  have  been 
used  in  rotor  hinges.  The  use  of  oil  is  favored  for  the 
majority  of  current  helicopters.  Some  characteristics 
of  the  two  systems  are: 

I.  Oil  Lubrication: 

a.  Oil  is  satisfactory  over  a broad  temperature 
range  and  is  changed  easily  in  ret  jonse  to  environ- 
mental changes. 

b.  Oil  sight  gages  provide  positive  indication  of 
lubricant  presence. 

c.  Oil  permits  “on  condition”  maintenance. 

d.  Reservoirs  should  be  located  so  that  centri- 
fugal force  drives  oil  into  the  bearings. 
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e.  Reservoirs  and  lubrication  cavities  should  be 
refillablc  without  the  necessity  for  venting  to  avoid 
air  pockets. 

f.  Oil  requires  elaborate  seals  and  the  mainte- 
nance of  seal  integrity.  Radiai-positive-pressurc  seals 
are  commonly  used  for  dynamic  sealing.  These  seals 
should  be  installed  so  that  contaminants  do  not  enter 
them  through  centrifugal  force. 

2.  Grease: 

a.  Shields  or  simple  seals  are  adequate  when 
grease  bearings  are  relubricated  at  regular  intervals. 
Grease  retention  is  fairly  goed  with  a failed  seal. 

b.  Purged  grease  tends  to  exclude  external  con- 
taminants from  the  bearing. 

c.  Grease  in  oscillating  bearings  tends  to 
channel,  and  the  soap  base  may  harden.  Regreasing 
may  be  ineffective  because  the  hard  soap  may  present 
proper  distribution  of  new  grease.  Premature  failure 
may  result.  Yet,  if  channeling  occurs,  debris  detection 
will  not  oc  an  effective  means  of  failure  detection. 

d.  Changing  greases  (as  for  extreme  low-tem- 
perature use)  can  be  accomplished  effectively  only  by 
disassembly. 

5-5.2. 1. 1 Cylindrical  Roller  Bearings 

Cylindrical  roller  bearings  combine  high  radial 
capacity  with  small  space  requirement.  Design  con- 
siderations mainly  are  empirical,  and  many  of  the 
factors  are  discussed  in  deia'l  in  Ref.  42.  One  method 
of  computing  the  basic  load  capacity  with  oscillatory 
motion  is  given  in  Ref.  43.  Other  factors  must  be 
determined  by  endurance  testing  and  service  experi- 
ence. 

Some  of  the  factors  that  influence  the  life  of  cylin- 
drical roller  bearings  in  rotor  blade  retentions  arc: 

1.  Angular  deflection  of  the  hinge  pin,  which  can 
cause  concentrated  load  on  one  end  of  the  roller 

2.  Crowning  of  the  roiiers,  which  can  provide  a 
better  stress  distribution  and  tend  to  .ninimiic  the  ef- 
fect of  hinge  pin  deflections 

3.  Roller  guidance  (e.g.,  use  of  a cage),  winch  can 
reduce  roller  misalignment 

4.  Large  angles  of  oscillation,  which  can  increase 
the  number  of  stress  cycles  on  the  bearing  rollers  and 
races 

3.  Mounting  fits,  which  must  be  as  specified  for 
particular  application  in  order  to  obtain  rated  capaci- 
ty 

6.  Type  of  lubricant. 

5-5. 2. 1. 2 Tapered  Roller  Bearings 

Tapered  roller  bearings  have  very  high  radial  and 
thrust  capacities.  Design  factors  are  similar  to  those 
of  cylindrical  roller  bearings  and  are  discussed  in  Ref. 
42.  These  bearings  can  be  mounted  in  pairs  to  pro- 
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vide  a capability  to  react  moments  at  well  a*  forces. 
The  roller  taper  direction  of  paired  bearings  can  be 
reversed  to  increase  the  tolerance  to  misalignment. 

5-5,2. 1.3  Angular  Contact  Ball  Bearings 
An  angular  contact  ball  bearing  carries  a high,  one- 
directional  thrust  toad  in  combination  with  radial 
loads.  The  end  faces  of  these  bearings  can  be  ground 
so  that  two  or  more  beatings  in  tandem  will  share  a 
thrust  load.  A common  method  of  pitch  (leather) 
1 hinge  construction  is  to  use  stacked  angular  contact 
bearings  to  react  the  blade  centrifugal  force,  with  a 
reversed  bearing  to  preload  the  set  and  to  react  thrust 
reversal.  This  configuration  has  the  capability  of 
reacting  moments  and  radial  loads  as  well  as  thrust. 

Design  factors  for  these  bearings  are  discussed  in 
Ref.  44. 


5-5. 2. 2 Teflon  Fabric  Bearings 

Teflon  fabric  bearings  arc  used  in  the  main  hinges 
of  several  operational  helicopters,  e.g.,  in  the  OH-6 
lag  hinge  and  AH-1G  pitch  bearing.  These  bearings 
are  even  more  widely  used  in  rotor  control  systems 
where  they  have  demonstrated  their  ability  to  with- 
stand high  ‘cads  in  an  adverse  environment. 

The  Teflon  fabric  liner  vanes  in  thickness  from  ap- 
proximately 0.01  to  0.02  in.  depending  upon  the 
manufacturer.  Strands  of  a material  such  as  cotton, 
Dacron,  or  Fibcrglas  arc  interwoven  in  the  back  sur- 
face of  the  fabric.  The  fabric  then  is  bonded  to  the 
outer  housing,  with  the  non-Tcflon  strands  pro- 
viding good  bond  adherence.  Various  bonding 
agents,  bonding  procedures,  and  fabric  weaves  ere 
used;  these  can  result  in  different  characteristics  of 
the  finished  bearing. 

Design  considerations  for  these  bearings  are: 

1.  Loads  and  motions.  The  effect  cf  loads  and 
motions  on  Teflon  bearing  lives  is  based  upon  empiri- 
cally determined  factors.  It  is  general  design  practice 
to  compare  bearing  lives  as  a function  of  PV,  where  P 
* pressure,  psi,  based  on  the  projected  area  of  ihe 
bearing  surface  in  the  direction  of  load,  and  V » 
average  velocity  of  contacting  surfaces,  fpm. 

The  acceptable  value  of  PV  for  a given  life  varies 
with  the  pressure.  Also,  load  reversals  may  reduce  the 
acceptable  value  by  half.  Large-diameter  bearings 
appear  to  withstand  a higher  PF-levcl  than  do  small 
bearings.  It  is  clear  that  PV  is  only  a convenient  index 
for  comparison  of  bearings  in  similar  applications, 
and  real  design  values  will  depend  upon  endurance 
test  data  for  full  scale  bearings. 

2.  Friction.  Measured  values  of  the  coefficient  of 
friction  of  Teflon-fabric  bearings  under  loads  com- 
parable to  those  of  rotor  hinges  generally  are  in  the 
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note  of  fi  «*  0.1  to  0.2.  Contamination  of  the 
bearings  in  service  has  resulted  in  higher  value*.  High 
friction  may  add  significantly  to  rotor  system  loads 
and  should  be  considered  in  the  design.  Radial 
bearing  forces  due  to  differential  expansion  also 
should  be  considered  as  a possible  source  of 
damaging  frictional  loads. 

3.  Wear  characteristics.  Teflon  fabric  bearings 
operating  st  a given  load  level  will  wear  at  an  essen- 
tially constant  rate,  up  to  approximately  half  the  liner 
thickness.  Bearings  should  be  replaced  at  this  time. 
The  wear  rate  may  increase  slightly  when  the  backing 
material  is  exposed. 

When  loads  are  not  reversing,  bearing  wear  may 
not  always  be  reflected  in  increased  clearance.  Wear 
debris  collects  on  the  unloaded  side  of  the  bearing  so 
that  the  fit  appears  to  be  tight.  Unless  it  is  known  that 
clearance  will  increase  with  wear,  means  of  wear 
determination  other  than  checking  clearance,  or 
tightness,  should  be  planned. 

5-523  flexing  Etmtud 

The  centrifugal  force  on  the  blade  acts  as  a thrust 
5o*d  on.  the  pitch  hinge  Flexing  tension  elements  are 
used  in  a number  of  helicopters  to  react  inis  force 
while  also  accommodating  movement  In  pitch.  The 
two  mest  common  types  of  flexing  elements  are  metal 
strap  tension-torsion  assemblies,  shown  in  Fig.  5-23, 
and  wire-wound  tie  bars,  shown  in  Fig.  5-24, 

5-5. 23,1  Teastoa-torsioB  Strap  Assemblies 

Many  configurations  of  tension-torsion  strap 
assemblies  have  been  usorf  in  addition  to  those  shown 
in  Fig.  5-23.  These  include  different  slot 
arrangements,  unslotted  straps,  straps  of  different 


Figure  5-23.  CH-4*  and  CH-47  Te«tlo*-Torsfw» 
Strap  Assemblies 


thickness,  and  assemblies  with  and  without  spacers 
separating  the  straps. 

The  tension-torsion  assemblies  shown  have  streps 
of  0.032  in.  nominal  thickness  stainless  rteel,  with 
slots  as  shown  to  reduce  the  stresses  due  to  torsion. 
Thin  shims  separate  the  straps  at  the  ends  to  reduce 
fretting. 

The  assemblies  provide  the  capability  for  ±45-deg 
blade  motion  under  design  loads,  and  in  normal 
operation  are  cycled  approximately  db6  deg  during 
each  rotor  revolution. 

Torsional  stiffness  of  the  strap  assembles  does  not 
affect  the  pitch  control  forces  significantly.  For 
example,  the  larger  assembly  of  Fig.  5-23  has  a tor- 
sional spring  rate  of  120  in.-lb  per  deg  under  the 
83,000-lb  centrifugal  load  of  the  blade.  For  the  high- 
speed flight  condition  the  increment  of  pitching  mo- 
ment contributed  by  the  tension-torsion  assembly  is 
less  than  3%  of  the  total  predicted  blade  pitching  mo- 
ment. 

The  strap  assemblies  of  Fig.  5-23  have  shown 
excellent  fail-safe  characteristics.  Fatigue  failure  is 
characterized  by  breaking  of  a single  element  of  a 
strap,  generally  on  an  outside  corner,  followed  by 
gradual  progression  to  ether  cuter  elements  after 
much  continued  cycling.  Cround-air-ground  cycle 
testing  also  has  resulted  in  slow  failure  progression 
from  element  to  element  in  the  lugs. 

The  tension-torsion  assembly  of  the  OH-6A  heli- 
copter is  shown  in  Fig.  5-11.  This  assembly  provides 
flexibility  for  flapping  as  well  as  for  pitch,  or 
feathering.  The  15  stainless  steel  straps  carry  the  cen- 
trifugal loads  from  one  blade  lag  hinge  across  to  the 
opposite  hinge  and  provide  a fail-safe  retention 
system. 

5-5.23,2  Wire  Tie-bar  Assemblies 

Very-high-strength,  sir, all-diameter  wire  is  wound 
around  end  fittings  to  form  a lightweight  retention 
system  that  is  flexible  torsionolly  under  blade  centri- 
fugal loads.  The  inherent  torsional  flexibility  can  be 
varied  over  a range  of  approximately  10  to  1 if 
desired,  by  changing  the  configuration  (Fig.  5-24). 
Normal  torsional  stiffnesses,  like  those  of  the  flexing 
strap  assemblies,  are  such  as  to  have  insignificant 
effects  on  control  loads. 

5-53.4  Elastomeric  Bearings 

Elastomeric  blade-retention  bearings  are  based  on 
the  principle  that  a thin  layer  of  elastomer  will  with- 
stand high  normal  (compressive)  forces  and  still  per- 
mit high  shear  deformation  (strain).  By  using  alter- 
nate layers  of  elastomer  and  metal,  the  blade  hinge 
forces  can  be  carried  as  compression  of  the  elas- 
tomer and  the  hinge  oscillation  carried  as  shear. 
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The  lag  damper  of  an  articulated  rotor  must  meet 
blade  stability  requirements  in  ground  resonance 
(par.  5-4.3)  and  in  flight  (par.  5-1.6).  Two  common 
means  of  energy  absorption  in  lag  dampers  are  hy- 
draulic shock  absorbers  (used  on  the  majority  of 
large  hclk.  pters  (Fig.  5-26))  and  friction  dampers 
(spring-load  oscillating  disks,  used  in  several  small 
helicopters).  Although  simpler,  lighter,  and  less  ex- 
pensive, friction  dampers  generally  are  less  reliable. 
Therefore,  the  use  of  friction  dampers  in  new  rotors  is 


Figure  5-2e.  Hydraulic  Lag  Damper 


mounting  lag  dampers.  For  satisfactory  life  with 
reversing  loads,  PV  values  (par.  5-5.2  2)  should  be 
approximately  1/3  thoae  found  satisfactory  under 
nonreversing  loads. 

The  CH-S3  has  auxiliary  pistons  in  its  hydraulic  lag 
dampers.  The  pistons  ar>,  pressurized  to  force  all 
blades  to  the  lead  stops  so  that  vibration  during  rotor 
startup  is  minimized. 

Hydraulic  lag  dampers  frequently  are  used  as  lead 
and  lag  stops.  Integral  hydraulic  cushions  can  be  used 
to  reduce  the  impact  of  the  blade  ageinst  the  stop. 

Principal  design  conditions  of  the  lead  and  lag 
stops  (whether  integral  with  the  damper  or  not)  are: 

1.  Predictable  flight  conditions  or  maneuvers  will 
not  cause  contact  of  the  lead  or  lag  stops. 

2.  Lead  stops  will  not  yield  due  to  rotor  brake 
application. 

3.  Lag  stops  will  not  yield  due  to  engine  starting 
torque. 

4.  Lead  and  lag  stops  should  fail  before  any  dy- 
namic component  critical  to  safe  flight  yields. 

$-5.2.6  Droop  and  Flap  Stops  and  Restrainers 

Articulated  rotors  require  stops  to  limit  the 
extremes  of  flapping  motion  of  individual  blades. 
Teetering  and  gimbal-mounted  hubs  have  a similar 
requirement,  but  the  motion  is  that  of  the  complete 
rotor  assembly. 

The  droop  stop  must  be  positioned  to  allow  nor- 
mal cyclic  blade  motion  in  all  predictable  flight  con- 
ditions or  maneuvers  without  making  contact  with 
the  stop.  This  stop  position  also  must  be  high  enough 
to  prevent  bladc/fusclagc  contact  in  high  winds 
during  rotor  shutdown  and  when  parked,  i.e.,  when 
blade  centrifugal  force  docs  not  provide  a radial 
restoring  force. 

Centrifugally  operated  droop  restrained  often  arc 
used  to  increase  blade/ fuselage  clearances.  These 
restrained  engage  at  a rotor  speed  approximately  40- 
60%  of  normal  during  rotor  shutdown  and  restrict 
blade  droop  to  provide  clearances  not  possible  with 
permanent  droop  stops. 

Flap  stops  prevent  accidental  overturning  of  the 
blades  in  very  high  winds,  and  are  positioned  to  allow 
clearance  for  flight  cyclic  flapping  motions  in  all 
flight  conditions. 

Centrifugal  flap  restrained  also  can  be  engaged  at 
low  rotor  speeds  during  rotor  shutdown  and,  in  con- 
junction with  droop  restrained  greatly  reduce  flap 
hinge  motion.  Flap  restrained  arc  essential  for  blade 
folding  to  prevent  the  blades  from  “elbowing". 
Elbowing  occurs  when  a blade  is  folded  so  that  its 
CC  is  inboard  of  the  flap  hinge  axis;  if  the  hinge  is 
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free  to  flap,  the  blade  tip  will  droop  unoer  the  blade 
weight.  Flap  restrainers  can  be  ground  support 
equipment  if  blade  folding  is  accomplished  only  oc- 
casionally. 

Two  common  types  of  centrifugal  droop  and  flap 
testtaincr  mechanisms  arc  overccntcr  linkages  and  in- 
terposer blocks.  Both  of  these  use  weights  to  release 
the  mechanism  as  the  rotor  speed  increases,  and 
springs  to  re-engage  during  shutdown. 

Another  droop  rcstraincr  mechanism  is  a floating 
(gimbaled)  ring  below  the  hub,  with  projections  on 
the  flapping  portion  of  each  blade.  Cyclic  motion  of 
individual  blades  displaces  the  ring  to  permit  flapping 
without  restraint,  while  the  ring  supports  all  the 
blades  against  collective  droop. 


5-53  CONTROL  SYSTEM  CONSIDERATIONS 

In  the  selection  and  design  of  the  blade  retention 
system,  consideration  must  be  given  to  the  charac- 
teristics of  those  elements  which  affect  the  loads  on 
the  rotor  control  system.  Displacement  of  the  blade 
about  the  pitch  axis  is  opposed  by  a friction  torque  of 
essentially  constant  value  if  angular  contact  ball 
bearings  are  used  10  react  Hit  centrifugal  uroe  of  the 
blade.  On  the  other  hand,  both  elastomeric  bearings 
and  flexing  elements  (tensit  n-torsion  straps  and  wire 
tie-bar  assemblies)  have  the  characteristics  of  tor- 
sional springs.  When  the  elements  of  this  type  are 
used  to  react  the  blade  centrifugal  force,  the  torque 
opposing  angular  motion  of  the  blade  is  propor- 
tional to  the  displacement. 

In  addition  to  torques  resisting  motion  about  the 
pitch  axis  that  originate  in  the  blade  retention  system, 
there  also  are  torques  that  depend  upon  the  inertia 
characteristics  of  the  blades.  The  first  of  these,  known 
variously  as  the  propeller  moment  and  the  centri- 
fugal feathering  moment,  is  t torque  that  opposes 
displacement  of  the  chordwisc  principal  axis  of  the 
cross  section  of  the  blade  out  of  the  plane  of  rotation. 
This  torque  is  directly  proportional  to  the  difference 
between  the  moments  of  inertia  with  respect  to  the 
principal  axes  of  the  cross  section  und  also  varies 
directly  with  fl1.  The  presence  of  the  torque  also  has 
been  referred  to  as  "the  tennis  racket  effect”.  For  tail 
rotors  and  for  main  rotors  of  small  helicopters  for 
which  the  rotational  speed  is  high,  it  may  be  desirable 
to  nullify  this  torque  by  equalizing  the  moments  of 
inertia.  This  may  be  accomplished  by  the  addition  of 
appropriate  balance  weights  at  the  root  of  the  blade. 

The  second  torque  that  depends  on  the  character- 
istics of  the  blade  is  the  conventional  inertia  reaction, 
proportional  to  the  polar  moment  of  inertia  with 
respect  to  the  pitch  axis.  This  inertial  torque  varies 
with,  but  is  opposite  in  direction  to,  the  pitching 


(feathering)  acceleration.  If  balance  weights  are  used 
to  reduce  or  nullify  the  centrifugal  centering  moment, 
the  increased  polar  moment  of  inertia  will  result  in 
higher  loads  in  the  control  system  to  obtain  a given 
change  of  blade  pitch. 

For  those  rotors  in  which  cyclic  pitch  is  obtained 
by  oscillation  of  the  blade  about  the  pitch  axis,  e.g., 
fully  articulated  and  hingeless  systems,  the  dynamic 
characteristics  of  the  system  may  be  important.  The 
selection  of  a blade  retention  system  should  include 
the  investigation  of  the  response  of  the  blade  to  the 
oscillating  control  force.  Systems  such  as  tension-tor- 
sion straps  or  wire  tie-bar  assemblies  that  have 
known  torsional  spring  characteristics  may  be 
required  to  obtain  an  acceptable  relationship  between 
the  natural  frequency  of  the  feathering  motion  and 
the  rotational  speed. 

Control  system  design  considerations  are  discussed 
in  detail  in  Chapter  6.  Further  discussions  of  both 
nullification  of  the  centrifugal  centering  moment  and 
optimization  of  the  natural  frequency  of  the 
feathering  motion  arc  provided  by  Ref.  45. 


For  shipboard  operation,  or  for  compact  stowage, 
it  is  desirable  to  bring  the  rotoi  blades  within  the  fu- 
selage envelope.  When  the  blades  are  stowed  in  this 
manner,  there  is  much  less  possibility  of  blade 
damage  when  moving  the  helicopter,  or  when  other 
helicopters  or  vehicles  are  moved  in  the  vicinity. 
Blade  folding  is  preferable  to  removing  blades;  there 
is  less  chance  of  handling  damage,  and  rctracking  can 
be  avoided.  Either  manual  or  powered  blade  folding 
systems  can  be  used,  depending  upon  operational 
requirements. 

Consideration  should  be  given  to  blade  folding  in 
the  initial  design  of  a rotor  system,  even  if  the  basic 
helicopter  criteria  do  not  include  this  as  a require- 
ment. Appropriate  derisions  as  to  the  method  of 
blade  attachment,  radial  location,  and  clevis 
clearances  of  the  blade  attachment  joint  will  simpliiy 
incorporation  of  folding  at  a later  date. 


5-5.4.1  Design  Require  Meats 
5-5.4.1.1  Manual  Blade  Folding 

The  following  provisions  are  required: 

1 . Rotor  brakes,  rotor  locks,  or  means  of  securing 
tr>c  blades  to  the  fuselage  to  retain  hub  azimuth  posi- 
tion 

2.  Pitch  locks,  locking  pins,  or  fixtures  to  restrict 
blade  motion  about  the  pitch  axis,  preventing  load 
feedback  into  the  pitch  control  system  from  a folded 
blade 

3.  Flap  rcs'.raincrs  (articulated,  gimbal-mountcd. 


and  twtsring  hub*).  Centrifugally-operalcd  droop 
•.id  flap  ro*tr«in«r*  are  desired;  if  not  self-contained, 
•pedal  ground  support  equipment  is  needed  to 
restrain  blade  droop. 

4.  Blade  fold  hinge,  with  quick,  simple  means  of 
locking  and  unlocking  blade  motion  about  this  hinge 

5 Clamps  to  resit  ict  !ag  hinge  motion  (articulated 
rotors) 

6.  Quick -disconnect  fittings  for  attaching  handling 
lines  to  blade  tips  (optional) 

7.  Acces-  to  the  rotor  head  (steps,  handholds, 
toeholds,  or  rungs)  and  u work  platform  for  per- 
forming rotor-head  folding  operations. 

Major  steps  in  a typical  manual  blade-folding 
operation  of  a single-rotor  helicopter  ate: 

1.  The  rotor  should  be  rotated  to  the  proper  azi- 
muth position  for  folding. 

2.  Rotor  brake  or  rotor  lock  should  be  applied,  or 
one  blade  should  be  secured  to  the  fuselage  to  retain 
rotor  hub  azimuth  position. 

3.  With  an  articulated  hub  it  may  be  necessary  or 
desirable  to  move  some  or  all  blades  to  a predeter- 
mined position  about  the  lag  hinge  and  to  lock  out 
any  further  motion  about  this  hinge. 
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positioned  to  the  proper  setting  for  folding. 

3.  Pitch  locks  should  be  installed  on  all  blades  to 
be  folded. 

6.  Flap  restrainers: 

a.  For  articulated  hubs  without  automatic  flap 
restrainers,  a flap  restraincr  should  be  installed  on  all 
blades  folded  90  (leg  or  more. 

b.  For  teetering  or  gimbal-mounted  hubs,  flap 
hinge  motion  should  be  locked  out. 

7.  Racks  should  be  installed  to  secure  the  folded 
blades  to  fuselage  or  other  structure,  if  required. 

S.  A biauc-iuppuriing  pole  anu  steadying  lines,  as 
required  by  blade  size  and  accessibility,  should  be  at- 
tached. The  blade-fold  joint  should  be  unlocked,  and 
each  blade  folded  and  secured.  Blades  may  be  secured 
in  racks,  by  lines  to  helicopter  structure,  or  about  the 
fold  hinge. 

9.  If  the  tail  assembly  is  to  be  folded,  it  may  be 
necessary  to  fold  it  before  the  main  blades  or  at  an  in- 
termediate point  in  the  fold  cycle. 


5-5  4.1.2  Power  Blade  Folding 
For  flight  safety  it  is  mandatory  that  a power  blade 
folding  system  be  properly  interlocked  to  prevent  any 
malfunction  from  occurring  in  flight.  Interlocks  alto 
arc  necessary  to  prevent  damage  to  helicopter  com- 
ponents due  to  improper  sequencing  of  the  power 
blade-folding  system.  It  also  must  be  apparent  to  the 
flight  crew  that  the  blade  unfolding  sequence  is  com- 
plete and  the  aircraft  is  safe  for  flight. 


The  following  component  requirements  are 
necessary  for  a power  blade-folding  system: 

1.  Power  rotor  orientation  mechanism 

2.  Rotor  lock  to  maintain  azimuth  position 

3.  Automatic  droop  and  flap  restrainers  (articu- 
lated, teetering,  or  gimbal-mounted  hub) 

4.  Control  position  indicating  devices  for  pilot 

5.  Power  pitch  locking  device 

6.  Bl.  'e  lag  hinge  positioning  device  (articulated 
hubs) 

7.  Blade  fold  hinge  unlocking  device 

8.  Blade  fold  actuators. 

The  power  blade-folding  mechanism  for  a typical 
blade  of  the  CH-46  is  shown  in  Fig.  3-27.  An  electro- 
mechanical actuator  housed  within  each  rotor  blade 
folding  hinge  pin  operates  a linkage  that  sequentially 
inserts  pitch  lock  pins,  positions  the  blade  about  the 
lag  hinge,  releases  the  blade  fold  hinge  lock,  and 
rotates  the  blade  to  the  proper  fold  position. 

5-S.4.2  Operational  Requirements 

Blp.de  folding  frequently  must  be  accomplished  in 
an  adverse  environment  with  poor  lighting,  winds, 
rain,  and  possible  helicopter  motion. 

Manual  blade  folding  under  these  conditions  can 
result  readily  in  crew  injury  and  human  error.  In  view 
of  this,  det-ign  of  folding  components  should  con- 
sider: 

1 . Minimizing  loose  components 

2.  Minimizing  large  or  special  tools 

3.  Attaching  flags  to  all  fixtures  (pitch  lock  pins, 
etc.)  so  that  it  is  apparent  the  helicopter  is  unsafe  for 
flight 

4.  Providing  adequate  access  and  working  areas 
on  the  helicopter  for  performing  the  folding  opera- 
tions. 

Clear  onoj  K^tuuMn  JaMmzJ  Klojac  onH 
blades  and  helicopter  structure  should  be  adequate  to 
allow  for  blade,  hub,  and  driye  system  deflections  un- 
der wind  loads  or  due  to  motions  of  the  helicopter.  If 
the  bladc-to-  fusclagc  or  bladc-to-bladc  clearances  are 
inadequate  provisions  for  biade  icrks  or  blade  se- 
curing lines  should  be  made. 

5-5.4J  System  Safety  Considerations 

In  addition  to  the  specific  safety  consideration  dis- 
cussed in  relation  to  design  and  operational 
requirements,  the  entire  blade-folding  operation 
should  be  reviewed  from  the  system  safety  viewpoint. 
The  identification  of  potentially  hazardous  con- 
ditions should  be  made  from  the  viewpoint  of 
material  failure/malfunction,  environmental  con- 
ditions, personnel  error,  supervisory  influence,  or  any 
combination  of  these  factors.  Maximum  effort 
should  be  made  during  the  design  phase  to  reduce  the 
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hazard  of  these  failure  modes.  Guides  for  this  safety 
analysis  include  MIL-STD-882  and  Ref.  46. 

54*  ROTOR  BLADES 

5-6.1  GENERAL 

As  described  in  par.  5-2.  design  of  a helicopter 
rotor  involves  the  determination  of  optimum  values 
for  each  of  a number  of  parameters,  including  those 
that  define  the  blade  geometry.  The  blade  designer 


must  incorporate  strength  and  stiffness  character- 
istics that  will  meet  the  applicable  structural  design 
criteria  and  also  will  provide  acceptable  aeroelastic 
characteristics,  and  will  do  so  efficiently  and  eco- 
nomically. 

The  blade  geometry  is  defined  by  the  parameters  of 
twist,  planform,  and  airfoil  section.  Selection  of 
values  for  these  parameters  generally  is  accom- 
plished during  preliminary  design.  The  type  of  para- 
metric analysis  required  to  optimize  the  rotor  design 
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Figure  5-27.  CH-46  Power  Blade  Folding  Mechanism 
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is  described  in  per.  3-4.1,  AMCP  706-201.  The  con- 
siderations pertinent  to  the  three  principal  flight  con- 
ditions — hover,  high-speed  lift,  and  maneuvering  — 
arc  reviewed  in  par.  5-2.  Ir  the  paragraphs  that 
follow,  the  significance  of  the  two  types  of  design 
parameters  — aerodynamic  and  structural  — is 
reviewed,  with  emphasis  on  the  detail  design  and 
manufactuie  of  rotor  blades  that  will  satisfy  these 
requirements. 

Twist 

Gcnerai'y,  rotor  blades  have  a linear  twist  on  the 
order  of  4 to  8 deg,  and  the  blade  tip  angle  of  attack  is 
less  than  that  at  the  root  (washout).  The  primary  con- 
siderations leading  to  selection  of  the  design  value  of 
twist  occur  in  the  trade-offs  between  hover  efficiency 
and  the  delay  of  high-speed,  retreating  blade  stall. 
Thus,  for  a particular  aircraft  mission  profile  that 
combines  both  hover  and  cruise,  an  optimum  twist 
must  be  determined  that  will  allow  both  high  hover 
gross  weight  and  good  cruise  efficiency. 

The  effect  of  twist  in  the  hover  mode  is  to  create  a 
more  uniform  inflow  distribution  from  the  b'atie  tip 
to  the  root.  The  so-cailed  “ideal  twist"  (which  results 
in  unrealistic  values  of  twist  near  the  blad>.  root)  the- 
oretically would  result  in  a uniform  inflow  distri- 
bution across  the  rotor.  Large  amounts  of  twist,  up  to 
12  deg,  approximate  this  distribution  over  at  least  the 
outboard  half  of  the  blade.  Twist  has  the  effect  of 
reducing  both  the  induced  a.id  profile  drag  losses  of 
the  rotor  so  that  the  hover  efficiency,  generally 
referred  to  as  Figure  of  Merit,  is  increased  (see  par.  3- 
2,  AMCP  706-201). 

The  theoretical  maximum  value  for  Figure  of 
Merit  value  is  unity.  This  value  can  occur  only  if  the 
rotor  has  no  tip  losses  and  also  possesses  no  profile 
drag.  These  conditions  cannot  occur,  so  an  actual 
rotor  Figure  of  Merit  value  always  will  be  less  than 
unity. 

The  effect  of  twist  in  the  forward  flight  mode  of 
rotor  biades  is  to  lower  the  pitch  at  the  tip  while 
maintaining  a larger  angle  near  the  root.  This  reduc- 
tion of  tip  angle  of  attack  gives  a corresponding 
decrease  in  the  rotor  profile  drag  power,  which,  in 
turn,  allows  a higher  forward  speed  to  be  obtained. 

Aerodynamic  parametric  studies  used  to  optimize 
design  twist  for  a particular  aircraft  also  must  include 
torsional  deflection  in  obtaining  the  section  angle-of- 
stiack  and  the  corresponding  aerodynamic  loading. 
Effects  of  drag  iosds  and  centiifugal  twisting  also 
should  be  included  ::i  the  elastic  twist  angle  deter- 
mination. The  forward  flight  angle-of-attack  deter- 
mination also  should  include  the  effect  of  blade  pitch 
rrte  (tennis  racket  effect)  on  the  instantaneous  twist 
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angle  as  it  varies  around  the  azimuth.  Commonly  the 
inertia  contribution  — i.» .,  centrifugal  twisting  due  to 
blade  pilch  and  pitch  rate  — will  be  greater  than  the 
aerodynamic  twisting  moments,  and  the  net  tor- 
sional deflection  is  in  the  nosedown  direction. 

A further  requirement  is  that  at  high  forward-flight 
speeds,  the  advancing  blade  tip  has  zero,  or  near  zero, 
lift  load  in  order  that  the  corresponding  high  Mach 
nurnbe.  drag  be  minimized.  For  a given  amount  of 
twist  and  a given  forward  speed,  this  minimum  drag 
can  be  met  only  at  one  specific  gross  weight.  For 
operations  at  gross  weights  above  this  value  the  in- 
crease in  required  collective  pitch  results  in  increased 
biade-tip  lift  and  drag  loadings  Also,  at  gross 
weights  below  this  minimum,  a highly  twisted  blade 
lip  operates  at  high  forward  speed  with  negative  lift 
on  part  of  the  advancing  side  of  the  disk.  This  causes 
a nosedown  control-load  pulse,  and  the  aircraft  flight 
envelope  may  be  limited  because  the  resultant  vibra- 
tion exceeds  prescribed  limits. 

The  amount  of  twist  that  is  optimum  for  forward 
flight  power  requirements  also  is  restricted  by  the 
relatively  linear  increase  in  oscillatory  flanwise  ben- 
ding moment  with  increased  twist.  In  general,  the 
power  consumption  and  blade  torsional  moments 
due  to  compressibility  effects  can  be  minimized  if,  at 
the  design  condition,  the  blade  is  twisted  to  produce 
zero  lift  on  the  advancing  tip. 

5-6  1.2  Planform  Taper 

As  with  twist,  the  effect  of  planform  taper  is  to  give 
a more  uniform  inflow  distribution  across  the  disk 
during  hover  and  thus  to  increase  the  Fife ’rc  of 
Merit.  The  local  induced  velocity  is  proportional  to 
the  square  root  of  the  blade  section  lift,  which,  in 
turn,  is  directly  proportional  to  the  local  blade  chord. 
Thus,  by  increasing  the  root  chord  over  that  at  the 
tip,  the  induced  velocity  over  the  inboard  portion  of 
the  disk  can  be  increased,  simultaneously  increasing 
the  thrust  over  the  inboard  portion  of  the  disk.  Ex- 
perimental results  have  shown,  however,  that  the  os- 
cillatory bending  moments  are  increased  as  the  plan- 
form  taper  is  increased  (i.e.,  tip  chord  is  muen  less 
than  root  chord). 

The  higher  cost  of  producing  planform-tapcred 
blades  has  ruled  out  their  general  use.  In  addition,  a 
blade  with  planform  taper  requires  a thickness  taper 
in  order  to  retain  u uniform  airfoil  section  with 
known  characteristics.  Also,  significant  planform 
taper  results  in  a smaller  blade  tip  cross-sectional 
area  available  for  tip  balance  weight  placement.  Also, 
excessive  amounts  of  root  chord  — as  dictated  from 
Figure  of  Merit  optimization  studies  — can  cause  a 
premature  power  limit  on  forward  speed  due  to  an  in- 
crease in  profile  power. 
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5-6.1.3  AIrfo'J  ass  Sc...lon 

In  addition  to  the  usual  need  for  high  lift-to-drag 
ratios,  stall  angles,  and  critical  Mach  numbers,  rotor 
blade  airfoils  require  low  pitching  moments.  Airfoil 
pitching  moment  coefficients  that  vaiy  appreciably 
with  angle  of  attack  give  periodic  pitch  link  inputs 
that  arc  undesirable  and  that,  in  turn,  can  lead  to 
periodic  forces  and  vibrations.  Thus,  although  in 
forward  flight  the  angle  of  attack  varies  with  azi- 
muth, it  is  desirable  that  the  blade  pitching  moment 
coefficient  not  vary.  Usually,  it  is  preferred  that  the 
pitching  moment  coefficient  be  zero  so  the  corre- 
sponding loads  do  not  vary  with  the  variations  of 
local  airspeed. 

The  usual  starting  point  in  airfoil  selection  is  the 
minimization  of  rotor  power  requirements  for  the 
design  cruise  ar.d  hover  conditions.  Two-dimen- 
sional airfoil  drag  data  at  the  design  lift  coefficient 
arc  used  in  this  determination.  The  static  variation  of 
drag  coefficient  with  Mach  number,  along  with  the 
change  in  the  drag  divergence  boundary,  also  i«  used. 

The  drag  reduction  potential  of  thin  airfoils  is  well 
known,  and  has  the  greatest  effect  near  the  blade  tip 
due  to  the  higher  Mach  number  environment  there. 
For  case  and  economy  of  manufacturing,  a thin  air- 
foil at  the  blade  tip  usually  is  achieved  with  a uniform 
root-to-tip  thickness  taper. 

On  the  other  hand,  the  reheating  blade  stall  and 
drag  divergence  characteristics  of  thick  sections  are 
superior  to  those  of  thin  sections  in  several  series  of 
airfoils.  In  the  low  Mach  number  region  of  the  disk, 
the  thick  sections  allow  a higher  lift  coefficient  to  be 
cbtained  before  the  onset  of  drag  divergence.  How- 
ever, the  advantage  of  these  'Kick  sections  is  reversed 
in  the  high  Mach  number  environment.  Tnus,  the  air- 
foil section  characteristics  for  the  advancing  and 
retreating  blades  arc  in  conflict. 

The  addition  of  airfoil  camber  ana  increased 
leading  edge  raduis  tends  to  improve  the  low-speed- 
stall  characteristics  of  the  symmetrical  airfoil  sections 
commonly  ".scd  for  rotor  blades.  At  high  Mach 
numbe-s,  the  effect  of  camber  is  to  decrease  the 
mau'mum  obtainable  lift  coefficient.  However,  this 
effect  is  not  too  significant  because  low  lift  coeffi- 
cie  its  arc  desired  in  the  advancing  blade,  high  Mach 
number  region.  Camber  generally  is  applied  to  the 
forward  portion  of  the  rotor  blade  airfoil  cross  sec- 
tion in  order  to  retain  low  pitching  moment  coeffi 
cients.  This  leads  to  the  “droop  snoot"  terminology 
used  by  at  least  one  contractor.  In  some  instances,  the 
trailing  edge  is  reflexed  slightly  to  counteract  an 
otherwise  unavoidable  amount  of  pitching  moment 
and  the  corresponding  cyclic  control  loads.  This 
method  of  eliminating  undesirable  pitching  moments 


may  have  undesirable  effects  on  blade  profile  power. 
At  the  same  time,  cambered  airfoils  extend  the  low 
Mach  number,  retreating  blade  drag  divergence 
boundary  to  regions  corresponding  to  greater  lift  co- 
efficients. However,  this  beneficial  effect  disappears 
as  Mach  number  is  increased. 

A further  benefit  of  the  delay  of  compressibility 
effects  due  to  the  use  of  thin,  cambered  airfoils  is  that 
noise  levels  due  to  these  effects  are,  in  general, 
decreased  for  a given  flight  condition.  The  noise 
generated  by  a blade  intersecting  a tip  vortex  is 
affected  only  to  the  extent  that  the  strength  of  the 
vortex  is  affected.  This  particular  form  of  noise  is 
caused  by  a .railed  tip  vortex  being  intersected  by  the 
following  blade,  with  a resultant  rapid  change  of 
angle  of  attack.  The  corresponding  pressure  change 
causes  the  slapping  noise  that  is  characteristic  of  heli- 
copters. At  a given  flight  speed,  a lower  lift-to-drag 
(L/D)  ratio  will  reduce  the  vortex  strength  and  hence 
lower  the  noise. 

Several  airfoil  sections  that  :rc  used  or  could  be 
used  in  helicopter  blades  ate  shown  in  Fig.  5-28.  The 
main  geometric  properties  of  these  airfoils  — such  as 
thickness  ratio,  leading  edge  radius,  and  camber  — 
are  identified  in  this  figure. 

In  addition  to  the  characteristics  shown,  some 
blades  possess  a thin,  trailing  edge  extension  strip 
that  extends  beyond  tnc  “true”  airfoil  trailing  edge. 
In  the  usual  blade,  this  strip  is  used  as  a base  to  which 
the  upper  and  lower  skins  are  bonded.  The  strip  can 
be  tailored  in  length  and  thickness,  at  number  yf 
laminates,  to  obtain  the  desired  edgewise  stiffness 
and  fatigue  properties.  Airfoil  characteristics  shown 
in  F;g.  5-28  also  can  be  used  jointly  so  that  the 
dssii&oie  properties  of  severe!  characteristics  can  be 
incorporated  into  one  airfoil,  l or  example,  a blade 
design  could  be  based  on  a thin  airfoil  with  a dtoop 
nose.  This  would  combine  the  benefits  of  reduced 
diag  on  the  high  Mach  number  advancing  blade  tip 
with  increased  maximum  lift  coefficient  on  the 
retreating  biade.  This  hypothetical  blade  could  be 
modified  further  with  a large  leading  edge  radius,  and 
could  have  its  aft  section  produced  with  straight 
“sleb”  sides.  These  changes  would  improve,  respec- 
tively, the  abruptness  of  the  blade  stall  character- 
istics and  the  ease  of  manufacturing  the  blade  aft  sec- 
tion honeycomb  cr  web  structure.  Further,  the 
machining  of  the  main  bonding  molds  for  a slab- 
sided  blade  will  be  easier,  hence,  less  expensive.  The 
decrease  in  blade  flapwise,  edgewise,  and  torsional 
stiffnesses  caused  by  this  particular  geometric  shape 
could  be  restored  with  the  proper  selection  and 
layups  of  advanced  materials  such  as  boron  or  graph- 
ite composites,  but  the  slab-sided  airfoil  may  not  pro- 
vide as  high  a value  of  L/D.  By  use  of  this  type  of 
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iradc-off  procedure,  it  should  be  possible  to  obtain  a 
blade  airfoil  that  represents  an  optimum  configura- 
tion for  the  specific  helicopter  mission. 

Blade  tip  geometry  has  been  found  to  have  impor- 
tant effects  upon  overall  rotor  performance.  Early 
studies  gew'ally  used  constant  chord  tip  covers  with 
flat,  semiround,  or  other  types  of  curvature.  These 
studies  indicated  that  limited  performance  benefit 
was  obtained  with  tip  covers  that  had  complicated 
curvatures  and  were  thus  difficult  to  manufacture. 
The  major  performance  gain  of  these  tip  covers,  as  in- 
dicated by  the  rotor  lift  to  drag  L/D  usually  could  be 
tiaccd  to  an  increase  in  rotor  radius.  More  recent 
studies  have  explored  swept  leading  and  trailing 
edges  in  an  effort  to  reduce  the  tip  vortex  velocity  and 
strength.  These  results  have  shown  that  a pianform 
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Figure  5-2 8 Typical  Helicopter  Rotor  Blade  Airfoils 
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tapered  bli-ds  tip  does  redu&s  ifcs  tip  vortex  end  hence 
both  tlw  corresponding  noise  and  the  oscillatory 
loads  originating  near  the  tip  of  the  blade  In  addition, 
the  eft  sweep  of  the  leading  edge  delays  the  effects  of 
compressibility,  u with  s fixed  wing.  This  allows  an 
increase  in  forward  speed  for  fixed  values  of  rotor 
speed  and  available  power.  Other  attempts  at  blude 
tip  geometry  modification  to  decrease  the  tip  vortex, 
such  ay  installing  slots  or  holes,  have  not  proved 
successful. 

The  applicability  of  standard,  two-dimensional  air- 
foil data  in  rotor  analysis  is  questionable  whenever 
the  shed  tip  vortex  approaches  the  following  blade. 
Because  the  blade  tip  geometry  has  such  a strong  in- 
fluence on  the  tip  vortex,  the  allowable  spatial  rela- 
tionship between  the  vortex  and  biadc  for  future 
high-speed  helicopters  shou’d  be  analyzed  for  various 
tip  configurations.  Recent  flight  tests  have  indicated 
that  the  oscillatory  airloads  tend  to  be  concentrated 
at  the  blade  tips.  Most  harmonics  are  character- 
ized by  higher  loading  at  the  tip  due  to  the  impul- 
sive nature  of  tip  vortex  interference.  In  nonsteady 
maneuvers,  the  local  conditions  on  the  following 
biaoe  tip  arc  changing  ranidiy  due  to  the  vortex  effect 
on  the  angle  of  attack.  Therefore,  this  radial  segment 
of  blade  does  not  behave  as  two-dimensional  wind 
tunnel  data  would  suggest,  and  time-dependent  air- 
foil section  characteristics  should  be  used  in  the  ana- 
lysis of  aeiodynamic  loads  and  rotor  performance. 

Two-dimensional  static  tests  show  that  tire  Sow 
Mach  number  stall  of  thick  airfoils  of  certain  series  is 
a leading-edge  phenomenon.  This  stall  is  character- 
ized by  a sudden  separation  of  flow  over  the  entire 
upper  airfoil  surface,  and  results  in  nr>  abrupt  change 
in  the  lift  curve  slope.  Also  associated  with  this  effect 
is  an  instantaneous  nosedown  pitching  moment.  No 
warning  occurs  that  would  indicate  stall  is  imminent. 

This  instantaneous  effect  docs  not  occur  in  two-di- 
mensional tests  of  thin  airfoils.  Rather,  a gradual 
change  in  lift  curve  slope  takes  place,  along  with  a 
more  gradual  increase  in  nosedown  pitching  moment 
due  to  stall.  Many  investigations  have  been  con- 
ducted as  to  the  effects  of  nonsteady  aerodynamics 
on  various  airfoil  sections.  These  tests  indicate  that, 
in  the  dynamic  environment  of  incostang  angle  of  s\- 
tacx  with  time,  stall  as  indicated  by  a loiu  ■ lift  d>cs 
not  occur  in  the  manner  predicted  from  static  tests. 
When  a sharp  loss  of  lift  does  occui  due  to  kasditsg- 
edge  separation,  the  resulting  impact  is  highly 
coupled  to  the  dynamic  response  of  the  blade  in  tor- 
sion. For  instance,  a fixed  impulse  due  to  t sudden 
loss  of  lift  on  the  retreating  blade  m.jy  hr.vf  a greater 
effect  on  a rotor  sy:  'em  having  belli  a low  control 
stiffness  and  a torsionally  soil  blade.  The  torsional 
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stiffness  of  an  airfoil  cross  Motion  u appro  ximately 
proportional  to  the  square  of  it*  area  for  a given  type 
of  cell  construction.  Thus,  a thick  airfoil  can  be 
manufactured  with  higher  torsional  stiffness.  There- 
fore, for  the  airfoil  series  with  which  the  thick  section 
receives  a sharp  impulse  due  to  sudden  stall,  the  tor- 
sional response  of  the  blade  may  be  less  for  a given 
amount  of  control  iystem  stiffness  than  when  a thin 
section  is  used. 

Dynamic  pitch  tew  of  various  airfoils  have  shown 
clearly  that  the  increase  in  the  maximum  lift  coeffi- 
cient is  large  for  low  Mach  numbers  and  decreases  as 
Mach  number  is  increased.  Thus,  as  the  retreating 
blade  increases  pitch,  it  can  reach  a greater  angle  of 
attack  before  stall  occurs  than  that  predicted  by  two- 
dimensional  airfoil  tests.  The  amount  of  this  increase 
is  dependent  upon  the  airfoM  geometry,  particularly 
the  amount  and  location  of  camber  and  the  leading 
edge  radius.  The  lift  coefficient  that  corresponds  to 
the  drag  divergence  angle  of  attack  obtained  from 
two-dimensional  tests,  however,  remains  an  adequate 
indicator  for  oscillating  drag  divergence.  The  more 
gradual  increase  in  pitching  moment  due  to  the 
ii  ailing  edge  repuiaiiOii  of  uiifr  aitfoiaS  niiiiiiafiy 
could  result  in  large  losses  of  lift  if  these  torsionally 
softer  blades  untwist  sufficiently  to  precipitate  a loss 
of  lift.  Sharp  increases  in  torsional  loads  then  occur 
and  can  result  in  the  same  net  effect  as  leading-edge 
separation  of  thick  airfoils.  It  has  been  found  from 
several  experimental  sources  that  cambered  airfoils 
with  a slightly  increased  leading-edge  radius  possess 
superior  pitching  moment  delaying  characteristics.  A 
large  leading-edge  radius  also  helps  keep  the  blade 
section  CG  forward,  which  delays  the  onset  cf  both 
pitching  moment  stall  and  classical  bending-torsion 
and  stall  flutter.  For  airfoils  with  sharp  leading  edges 
and  with  their  maximum  thickness  further  aft,  the 
overall  blade  CG  can  be  moved  forward  with  a large 
tip-over  balance  weight.  This  is  not  as  desirable  as 
obtaining  a more  uniform  forward  CG  position  from 
root  to  tip,  since  individual  Jlade  radial  segments 
may  still  be  acted  upon  by  undesirable  moments. 

A form  of  negative  damping  can  occur  when  the 
blade  twist  rate  and  the  loading  due  to  the  aerody- 
namic pitching  moment  are  in  the  same  direction. 
This  may  lead  to  excessive  torsional  response  and  to 
subsequent  toss  of  lift  on  the  retreating  Hade,  char- 
acterized by  excessive  flapwise  bending  amplitudes. 
As  with  lorsional  stiffness,  a thicker  blade  obviously 
possesses  more  flapwise  stiffness,  for  a given  type  of 
construction  and  hsnee  will  respond  less  to  a fixed 
amount  of  flapwise  lift  input. 

Determination  of  blaUe  geometry  shouid  consider 
the  efforts  of  nontteady  aerodynamics  along  with 
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blade  tip  vortex  strength  and  trajectory  in  conjunc- 
tion with  the  objectives  of  obtaining  a high  hover 
Figure  of  Merit  ami  a low  value  of  cruise  power 
required.  Blade  twist,  chord,  and  thickness,  and  the 
corresponding  physical  properties  of  the  blade, 
should  be  chosen  to  minimize  the  responses  due  to 
vortex  action  and  aerodynamic  hysteresis  effects,  in 
addition  to  resonant  conditions.  These  types  of  ana- 
lyses should  include  the  effects  on  the  blade  of  the  en- 
tire control  system,  as  well  as  possible  shaft  or  pylon 
bending.  Dynamic  blade  stall  effects  at  the  first  tor- 
sional natural  frequency  and  at  the  once-per-rev 
rotational  frequency  of  the  blade  should  be  included 
in  the  blade  response  analysis. 

5^.2  BLADE  CONSTRUCTION 

Rotor  blade  structures  may  be  broken  down  into 
three  major  elements:  the  spar,  the  aft  section 
(sometimes  referred  to  as  the  fairing),  and  the  root 
end  retention.  Secondary  elements  are  tip  closures 
and  hardware,  trim  tabs,  and  tuning  weights.  While 
wooden  rotor  blades  still  arc  in  use  and  probably  will 
be  used  to  a limited  extent  for  many  years,  they  are 
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ter  development  and,  therefore,  are  not  addressed  in 
this  handbook. 

5-6X1  Spur 

The  major  load-carrying  member  of  any  rotor 
blade  is  the  main  spar,  whether  it  be  designed  for 
structure  only  or  also  as  a part  of  the  aerodynamic 
shape  of  the  blade.  It  may  he  of  monolithic  construc- 
tion or  may  be  assembled  from  two  or  more  compo- 
nents. The  predominant  types  of  spars  are  described 
in  subsequent  paragraphs. 

5-6X1. 1 Hollow  Extrusion 

This  extrusion  may  be  a “D”  spar,  usually  con- 
sisting cf  a single  cell,  or  it  may  be  of  an  essentially 
trapezoidal  shape.  The  "D"  shape  conforms  to  the 
forward  portion  of  the  airfoil  shape,  with  the  vertical 
part  of  the  "D”  serving  as  s shear  member.  The 
hollow  trapezoidal  spar,  sometimes  referred  to  as  a 
box  beam,  may  be  made  to  conform  to  the  upper  and 
lower  sides  of  the  airfoil  surface  but  requires  the  addi- 
tion ot  a shaped  component  on  the  forward  side  to 
provide  the  nose  radius  of  the  airfoil.  This  shaped 
component  usually  serves  also  to  provide  chordwisc 
balancing  of  the  blade  end  therefore  is  made  of  brass 
or  some  other  relatively  dense  material. 

5-6X1. 2 Solid  Extrusion 

This  extrusion  is  solid  in  the  sense  ihat  its  cross- 
sectional  outline  may  be  tinned  without  lifting  the 
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tracing  stylus.  It  may  be  referred  to  at  a *'C”  section, 
opening  toward  the  trailing  edge.  As  with  the  "D" 
section,  it  conforms  to  the  forward  portion  of  the 
airfoil  shape.  Commonly  the  wall  is  thickened  a con- 
siderable amount  at  the  nose  to  provide  chordwise 
balance  and  resistance  to  impact  damage.  The  “C** 
section  may  or  may  not  be  dosed  at  its  aft  end  with  a 
separately  extruded  or  formed  shear  web. 

The  principal  advantage  of  extruded  aluminum 
spars  is  relatively  low  cost  in  production.  The  “D" 
and  box  beam  configurations  lend  themselves  to  in- 
ternal pressurization  as  an  in-service  inspection 
system  for  cracks.  The  advantage  of  the  **C"  section 
is  that  its  internal  surface  may  be  inspected  during 
manufacture.  A major  disadvantage  is  that  the  use  of 
extruded  spars  is  confined  to  constant-section  blades. 
An  added  disadvantage  is  the  poor  resistance  of 
aluminum  to  erosion.  In  low-performance  helicop- 
ters, where  changes  in  airfoil  nose  radius  are  not  criti- 
cal. this  problem  can  be  ignored;  however,  it  usually 
is  necessary  to  cover  the  aluminum  with  an  erosion- 
resistant  shield  at  the  leading  edge  of  the  blade.  From 
the  standpoint  of  efficient  design,  the  fatigue 
streno'h-to-weioht  ratio  for  aluminum  is  not  attrac- 
tive. 

5-6.2.  U Formed  Sheet  Metal 

This  type  of  spar  is  fabricated  from  multiple  com- 
ponents, the  minimum  being  a “C”  section  and  a 
shear  web.  The  shear  web  may  be  the  web  of  a 
channel  section,  with  the  flanges  providing  surface 
area  with  which  to  bond  or  braze  the  channel  into  the 
“C"  section  to  form  a “D”  shape.  Additional  webs 
may  be  added  to  made  a multiccll  structure.  In  most 
instances,  a continuous  or  segmented  balance  weight 
is  carried  in  or  near  the  nose  radius  of  the  *C”  and 
may  contribute  to  the  overall  structure,  particularly 
for  chordwise  stillness.  There  is  a wise  choice  of 
materials  for  formcd  sheet-metal  spars,  ranging  from 
low  alloy  steels  to  any  of  several  types  of  stainless 
steels  or  nonferrous  alloys  such  as  beryllium  copper. 

Among  the  advantages  of  this  type  of  construction 
is  the  ability  to  taper  the  spar  in  almost  any  manner 
desired.  Another  is  the  ability  to  tailor  the  gages  of 
the  different  components  to  achieve  a given  set  of 
stiffness  and  strength  requirements  with  greato  pre- 
cision. Perhaps  the  greatest  advantage  is  the  redun- 
dancy of  the  structure.  The  bondlines  between  the 
components  are  effective  crackstoppers  so  that,  even 
if  the  “C”  spar  should  fail,  the  remaining  structure 
can  be  designed  to  carry  the  loads  and  prevent  a cata- 
stiophic  failure  of  the  blade.  Finally,  depending  upon 
the  alloy  and  the  configuration,  the  spar  can  provide 
adequate  erosion  protection  without  an  extra  shield. 


Reliability  is  enhanced  in  that  the  quality  of  the 
raw  material  can  be  closely  controlled  end  inspected 
prior  to  spar  fabrication.  The  raw  material  does  not 
undergo  any  fundamental  change  during  the  fabrica- 
tion process. 

5-5.2.1.4  Round  Steel  Tube 

One  of  the  earlies*  types  of  spars  for  rotor  blades 
was  a round  steel  tube,  and  certain  advantages  still 
exist.  Obviously,  a hound  tube  cannot  be  used  to  con- 
stitute a part  of  the  airfoil  shape,  but  must  be  buried 
within  an  enclosing  structure  or  envelope.  Inherent  in 
the  various  processes  for  producing  such  spars  is  the 
ability  to  taper  both  diameter  and  wall  thickness  — 
continuously  or  in  smooth  steps  — providing  con- 
siderable latitude  in  stiffness,  mass,  and  -aerody- 
namic taper  of  the  rotor  blade.  The  heaviest  poition 
of  the  tube  protrudes  from  the  root  end  of  the  blade 
envelope,  and  may  have  integral  attachment  lugs  or 
may  simply  be  a cylinder  that  accepts  a socket  type  of 
retention  fitting. 

Generally,  excellent  materiel  properties  arc  ob- 
tained in  tubular  spars  due  to  the  nature  of  the  cold- 
working  process  employed  in  their  fabrication.  When 
this  process  is  accomplished  with  sufficient  precision 
to  avoid  stress  raisers,  high  fatigue  strength  can  be 
obtained.  Further,  with  proper  blade  design,  the 
material  surrounding  the  spar  tube  can  have  suffi- 
cient independent  strength  to  make  the  structure 
highly  redundant.  A disadvantage  of  the  completely 
enclosed  spar  is  the  difficulty  of  access  for  inspec- 
tion. 

5-6.2. 1.5  Formed  Metal  Tube 

An  alternative  to  the  round  tube  is  the  formed 
metal  tube.  Generally,  this  starts  with  a round  tube 
which  subsequently  is  formed  to  either  a "D”  or  an 
oval  shape  within  the  blade  envelope.  In  the  former 
case,  the  *’D”  is  the  forward  portion  of  the  airfoil 
contour.  In  the  latter  case,  the  oval  tube  is  encased 
within  the  envelope  of  the  airfoil,  much  as  with  the 
round  tube.  The  oval  shape  permits  a thin  airfoil 
compared  to  the  original  tube  diameter.  In  either 
case,  taper  of  the  airfoil  is  quite  difficult  to  achieve, 
although  the  wail  thickness  can  taper  so  as  to  give  the 
desired  mass  and  stiffness  distribution.  The  root 
retention  alternati.es  me  identical  to  those  for  the 
round  tube.  Most  of  the  advantages  and  disad- 
vantages arc  the  same  as  for  tound  tubes. 

542.1.6  Molded  Reinforced  Plastic 

Molded  reinforced  plastic  lends  itself  to  almost  any 
geometric  spar  configuration.  High-strength  fibers  — 
which  may  be  of  various  types  of  glass,  graphite,  or 
boron  — are  imbedded  in  a matrix,  usually  of  epoxy. 


5-42 


AMCP  706402 


OricnUtion  of  the  fibers  along  the  length  of  the  spar 
gives  a composite  construction  that  is  very  strong  in 
axial  tension  and  is  light  in  v'eight.  One  successful 
configuration  is  much  like  the  solid  aluminum  extru- 
sion. Others  may  be  *T*  beams  or  variants  thereof. 
The  large  number  or  configurations  possible  include 
a multicell  section  with  complete  shear  webs  molded 
integrally  inside  an  airfoil-shaped  shell. 

One  of  the  greatest  attractions  of  molded  plastic  is 
the  ability  to  achieve  any  desired  degree  of  taper  and 
virtually  any  desired  shape.  Another  is  the  ability  to 
wrap  each  fiber,  or  filament,  around  t\e  principal  at- 
tachment member  at  the  root  end  so  that  there  are  no 
discontinuities  in  the  load-carrying  material.  Still 
another  is  the  relatively  wide  selection  of  stiffness/ 
strength/weight  ratios  that  are  available  through  the 
choice  of  fiber-reinforcing  material  and  the  orienta- 
tion of  the  fibers. 

A disadvantage  of  molded  reinforced  plastic  is  the 
difficulty  of  repealing  with  precision  the  properties 
(density,  strength,  stiffness)  from  one  unit  to  another. 
This  problem  is  being  overcome  through  improve- 
ments in  the  molding  process. 

5-4JL2  An  ascii— 

The  aft  section,  or  fairing,  of  a rotor  blade  is  the  aft 
70-80%  of  the  airfoil.  It  consists  of  upper  and  lower 
skins,  some  type  of  contour-stabilizing  internal 
member  (usually  a structural  trailing  edge  strip),  and 
a means  of  attachment  to  the  spar.  This  section  may 
make  a significant  contribution  to  the  beam  stiffness 
and  strength  of  the  blade,  or,  in  some  cases,  it  may 
serve  only  as  a fairing  and  to  transmit  the  airloads  to 
the  spar.  There  are  many  different  types  and  varia- 
tions. The  most  common  are  described  in  succeeding 
paragraphs. 

5-6.2. 2.1  Continuous  Skins 

Continuous  skins  of  sheet  metal  or  fiber-rein- 
forcco  plastic  may  extend  from  the  root  of  the  blade 
to  the  tip.  Regardless  of  the  internal  members,  con- 
tinuous skins  normally  carry'  a significant  amount  of 
the  centrifugal  loading  and  a lar  ; share  of  the  chord- 
wise  bending  anu  torsional  stiffness.  These  contribu- 
tions can  be  controlled  closely  in  the  case  of  plastic 
skins  by  the  selection  of  the  fiber  orientation.  In  this 
way,  a blade  can  be  designed  to  be  torsionally  soft 
and  yet  vety  stiff  in  the  flapwise  or  chordwise  direc- 
tion, or  vice  versa. 

The  internal  members  that  tie  the  upper  and  lower 
skins  together  and  maintain  the  blade  contour  may 
be  metallic  or  nonmetallic  *T*  beams  or  channels, 
honeycomb  core,  foam  core,  or  a series  of  individual 
ribs.  Blades  with  a chord  of  less  than  8.0  in.  or  blades 


with  unusually  heavy  skins  may  not  require  any  inter- 
nal members  in  the  aft  section.  Very  large  blades  may 
be  constructed  with  individual  sandwich  skins  both 
top  and  bottom,  in  which  case  no  further  reinforce- 
ment or  stabilization  may  be  necessary. 

Spanwise  “I"  beams  or  channels  in  the  aft  section 
generally  contribute  significantly  to  blade  chordwite 
and  torsional  stiffness  and  thus  arc  found  more  often 
in  the  blaoes  of  semirigid  rotor  systems.  Channels  are 
adaptable  as  spanwise  members  in  tapered  blades 
since  thay  can  be  stretch- formed  to  the  required 
shape.  If  they  are  brake-  or  roll-formed  in  a constant 
shape,  they  can  be  placed  in  a skewed  position  within 
the  aft  section  so  that  they  follow  a spanwise  line  of 
constant  blade  thickness.  However,  the  use  of  such 
internal  members  often  has  the  disadvantage  of  com- 
plicated internal  ton’ing  required  for  proper 
positioning,  and  to  supply  adequate  pressure  during 
adhesive  bonding  of  the  assembly. 

Honeycomb  core  as  a filler  between  the  top  and 
bottom  skins  of  the  aft  section  is  extremely  effective 
in  maintaining  a stable  airfoil  contour.  Although 
aluminum  alloy  honeycomb  core  is  the  most  com- 
mon, there  is  a growing  tendency  toward  the  use  of 
nonmetallic  honcjcomb.  The  latter  has  the  advan- 
tages of  being  less  susceptible  to  corrosion,  relatively 
resistant  to  impact,  and  — where  nonmetallic  skins 
also  are  employed  — less  suuxptible  to  lightning 
strikes.  Whenever  honeycomb  is  used,  careful  atten- 
tion must  be  given  to  sealing  a blade  completely 
against  trie  entry  of  moisture,  because  any  water  that 
enters  the  blade  has  a tendency  to  migrate  and 
become  entrapped,  leading  to  corrosion  and  blade 
unbalance. 

Foam  core  also  has  been  used  successfully  in  blade 
sft  sections.  The  lightweight  foams  required  in  this 
application  are  somewhat  more  susceptible  to  de- 
lamination between  skin  and  core  than  arc  the  honey- 
combs, and  to  failures  occurring  within  the  foam 
itself.  Generally,  foam  cores  are  pre-curcd  before 
blade  assembly.  Foaming  in  place  is  to  be  dis- 
couraged since  it  is  difficult  to  obtain  uniform  quality 
and  density. 

Individual  ribs  commonly  were  used  with  wooden 
rotor  blades,  but  seldom  are  employed  with  metal  or 
reinforced  plastic  blades  with  continuous  aft  sections. 
In  the  latter  case,  the  tooling  for  installation  of  the 
ribs  becomes  quite  complex,  and  contour  stability  is 
difficult  to  maintain  within  the  weight  and  balance 
limitations. 

5-6. 2. 2.2  Segmented  Ski- 

Blades  used  in  fully  articulated  rotor  systems  often 
are  constructed  with  segmented  ah  sections, 
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sometimes  referred  to  u boxes,  pockets,  or  fairings. 
Obviously,  this  type  of  construction  provide!  for  no 
centrifugal  load-cany  ins  Ability,  and  makes  little 
contribution  to  chordwise  stiffness  unless  each  Kj- 
mem  is  connected  by  a continuous,  structural, 
trailing  edge  strip.  The  skins  of  the  aft  section 
segments  may  be  of  metal  or  reinforced  plastic  and 
are  tlabi'ixed  much  the  same  as  are  the  skins  in  blades 
with  continuous  aft  sections. 

Among  the  advantages  of  segmented  skins  is  the 
ability  to  replace  individual  segments  in  the  event  of 
local  damage.  Because  the  skins  are,  in  a sense,  non- 
structural,  considerable  damage  can  be  sustained 
without  destroying  the  basic  structural  integrity  of 
the  rotor  blade.  Also,  with*  this  configuration  it  is 
easier  to  achieve  blade  bending  stiffnesses  of  the 
values  required  for  the  natural  frequencies  desired  in 
an  articulated  system.  One  of  the  greatest  disadvan- 
tages in  segmented  aft  sections  is  the  increased  dif- 
ficulty in  preventing  water  from  entering  the  rotor 
blade.  The  number  of  segments  may  vary  from  8 to 
20  or  more,  and  each  joint  between  segments  must  be 
sealed. 

5-6J.2J  Wraparound  Skin* 

A special  form  of  continuous  aft  section  is  that  in 
which  the  skin  of  the  rotor  blade  wraps  completely 
around  the  nose  radius,  providing  both  the  upper  and 
lower  airfoil  surfaces  in  one  piece.  This  method  of 
constriction  may  be  used  with  any  of  the  previously 
described  internal  stabilizing  or  strengthening 
members,  although  gcnera'lv  it  is  used  with  a solid 
extruded  spar  or  a formed-section  tubular  spar.  Such 
a skin  usually  is  made  of  aluminum,  although  the  use 
of  other  light  alloys  or  fiber-reinforced  plastic  is  not 
precluded.  The  method  of  manufacture  normaiiy  is  to 
form  only  the  nose  radius  in  the  center  of  the  skin 
material,  and  to  depend  upon  the  spar  and/or  other 
internal  members  to  control  the  remainder  of  the  air- 
foil contour.  A disadvantage  of  wraparound  skins  is 
the  difficulty  of  maintaining  dose  contour  toler- 
ances, particularly  in  nonsymmetrical  airfoils.  Also, 
in  order  to  maintain  the  required  weight  and  balance, 
the  skin  normally  is  too  thin  to  afford  protection 
against  erosion  of  the  nose  and,  therefore,  an  ad- 
ditional erosion  shield  is  required. 

5413  lest  E mi  Rdatkai 

Root  end  retentions  vary  considerably  from  one 
blade  design  to  another,  depending  upon  the  type  of 
rotor  system  ind  the  type  of  blade  construction.  The 
main  retention  bolts  or  pin(s)  provide  the  interface 
between  the  rotor  blade  and  the  hub.  Because  of  the 
high  bending  and  ccntriftigal  loads  at  this  interface,  it 


is  necessary  to  increase  the  blade  thickness  to  achieve 
sufficiently  high  section  modulus  and  bearing  area. 
Commonly,  this  is  accomplished  by  bonding  metal 
laminates  external  to  the  upper  and  lower  surfaces  of 
the  blade,  and  then  adding  a relatively  heavy  reten- 
tion or  grip  plate  external  to  the  stack  of  laminates. 
The  retention  plate  contains  the  main  holo(s),  which 
may  pus  through  the  blade  envelope  or  through  top 
and  bottom  lugs  that  are  extensions  of  the  retention 
plates.  Where  the  bolts  pass  through  the  blade  enve- 
lope, it  is  reinforced  with  internal,  metal  filler  blocks 
that  effectively  create  a solid  airfoil  section  in  that 
region.  When  a tubular  steel  spar  is  used,  it  may  be 
extended  inboard  of  the  blade  envelope  and  be  fitted 
with  a socket,  or  cuff,  which  is  cither  damped  or 
threaded  onto  the  heavy  root  end  of  the  spar.  The 
socket  may  contain  a single  retention  hole  or  two 
holes,  depending  upon  the  location  and  configura- 
tion of  the  lead-lag  hinge  of  the  hub.  Here,  again,  the 
holes  are  through  lugs  that  are  an  integral  part  of  the 
socket  and  mate  with  similar  lugs  on  the  hub. 

S-6.2.4  Tip  Closures  aid  Hardware 
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and  adjustable  weights  within  the  envelope  at  the  tip 
end.  Fixed  weights  arc  employed  to  provide  adijquate 
rotor  inertia,  to  control  flapwise  bending  fre- 
quencies, and  to  place  the  static  chord  wise  CG  and 
the  nominal  dynamic  axis  in  the  proper  location. 
Generally,  adjustable  weights  are  installed  in  pairs, 
displaced  equally  forward  and  aft  of  the  design  dy- 
namic axis  of  the  blade.  These  are  used  to  equalize 
the  spanwir;  mass  moment  of  one  blade  against 
another  or  against  a master,  correcting  for  manufac- 
turing tolerances  in  weight,  and  also  io  provide  a 
forward  or  aft  adjustment  of  ti  : dynamic  axis  to 
achieve  equal  pitching  moments  from  one  blade  to 
another.  With  adequate  precision  in  the  tooling  and 
methods  of  manufacture,  the  need  for  cither  or  both 
of  the  e adjustments  may  be  eliminated. 

Tip  closures  may  be  simple  flat  plates  or  idativcly 
complicated  hollow,  airfoil-shaped,  monocoque 
shells,  usually  screwed  or  riveted  to  the  blade  enve- 
lope. Various  shapes  are  in  use:  some  simply  rounded 
at  the  end,  some  made  in  the  shape  of  a wedge,  and 
some  with  very  unconventional  planforms.  Most  tip 
plates  or  caps  have  a small  protuberance  at  the 
extreme  tip  to  facilitate  flag  tracking  of  the  rotor. 

5-6J.5  Trim  Taka 

Rotor  blades  generally  arc  fitted  with  ground-ad- 
justable trim  tabs.  The  tab  may  be  an  extension  of  the 
skin  or  of  the  trailing  edge  filler  strip  beyoud  the 
nominal  trailing  edge  of  the  airfoil,  and  may  extend 
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for  ad  or  part  ©f  tbs  opaa  of  the  Made.  A room  eow- 
non  typ#  ie » rriaiivriy  abort  tab  located  to  Ute  vi- 
cinity of  75%  span  For  Made  tracking,  trio*  (fib*  are 
adjusted  by  beodof  them  upward  or  downward  u 
mommy  to  equalize  the  pitching  mowtst  charac- 
teristics of  the  tudh.duel  bisdw. 


54X6  Turing  Wrights 

Many  forms  of  tuning  weights  are  used  internally 
at  various  locations  along  the  span  of  the  Made.  They 
are  referred  to  as  "antinode"  weights  because  they 
are  placed  at  the  point  of  maximum  deflection  ampli- 
tude of  the  blade  as  it  vibratos  in  various  harmonic 
modes.  The  purpose  is  to  change  the  natural  fre- 
quency of  the  Made  to  avoid  resonance  with  any 
possible  forcing  frequencies,  particularly  rotational 
speed.  The  weights  may  be  bonded,  riveted,  or  bolted 
to  internal  structur  J members  of  the  Made,  or  may 
be  suspended  at  the  end  of  a cable,  strap,  or  rod  that 
is  retained  at  the  root  end.  The  latter  method  of 
retention  precludes  high  local  stresses  in  the  basic 
blade  structure  due  either  i holes,  or  to  centrifugal 
force  because  of  the  concentrated  mass.  It  also  pie- 
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bending,  and  permits  the  weight  to  be  made  of  high- 
density,  nonstructural  metal. 


54X7  P trips  Irgalramrats 

Regardless  of  the  method  of  construction  of  a 
rotor  Made,  the  detail  design  and  the  selection  and 
distribution  of  material  must  satisfy  a number  of  in- 
dependent and  interrelated  requirements.  The  blade 
geometry  having  been  established,  as  discussed  in 
par.  54.1,  additional  uuqor  considerations  are 
strength,  vibration,  weight,  mass  moment  of  inertia, 
serviceability,  and  cost. 

As  a rule,  a rotor  blade  that  is  deigned  to  have  a 
reasonable  life  under  the  applicable  fatigue  loading 
conditions  will  be  structurally  adequate  for  any  static 
conditions.  Therefore,  major  emphasis  must  be 
placed  on  design  features  that  reduce  the  alternating 
stresses  and  make  the  structure  as  insensitive  as  possi- 
ble to  those  messes.  Alternating  stresses  are  induced 
by  response  of  the  blades  to  the  periodic  airloads, 
which,  in  turn,  are  affected  by  the  blade  motion.  The 
blade  response  is  dependent  almost  entirely  upon  the 
mass  and  stiffness  distributions.  It  it  extremely  im- 
portant that  these  distributions  be  such  as  to  avoid 
any  beading  or  t usional  natural  frequencies  that  are 
near  resonance  v th  any  forcing  functions  (see  par.  .V 
4.2). 

The  Made  vibration  frequencies  may  be  broken 
uown  into  flap  wise,  chord  wise,  -and  torsional  fre- 
quencies; these  may  couple  together  unfavorably  to 


cause  high  amprifioatiotw  of  notion  and  dim  To 
avoid  writ  ttafevmrabte  coupling.  It  Is  dtrirable  to  be 
able  to  change  the  throe  stifheema  iudapesrieotfy. 
Similarly,  it  it  dari  ruble  that  alteration  of  thr  span- 
wise  mess  distribution  be  poaribU  without  altoting 
the  cbordwiee  00.  For  example,  a qpaawiee  anti- 
node  weight,  if  improperly  located  in  the  blade,  wry 
correct  a flapping  natural  frequency,  but  may  change 
a torsional  frequency  so  as  to  cause  it  to  ooupte 
strongly  with  a chord  wise  bending  frequency.  Such 
coupling  often  results  in  high-frequency  strew  ampli- 
fications that  can  seriously  limit  the  life  of  the  rotor 
blade;  but  if  the  vibrations  are  not  transmitted  to  the 
aircraft,  the  condition  may  not  be  apparent  to  the 
occupants. 

This  control  of  natural  frequencies  is  equally  in* 
portrmt  in  avoiding  excessive  vibration  of  the  aircraft 
and  high  loads  in  the  oontrol  system.  Whether  or  not 
the  rotor  Made  vibrations  will  be  transmitted  to  the 
fixed  system  is  dependent  upon  the  mode  of  vibra- 
tion relative  to  the  nun  her  of  blades  in  the  rotor. 
Thus,  it  is  necessary  to  consider  the  entire  Systran 
when  designing  a rotor  Made  for  optimum  natural 
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In  spite  of  all  efforts  to  avoid  amplifications  of 
bending  moments  by  control  of  natural  frequencies, 
alternating  stresses  always  will  exist.  It  it  of  prime  im- 
portance, therefore,  that  the  detail  design  maximize 
the  tolerance  of  a rotor  Made  to  these  stresses. 
Materials  selected,  whether  metallic  or  nonmetallic. 
must  be  capable  of  providing  high  fatigue  strength. 
To  this  end,  any  form  of  strew  raiser  — e.g.,  notch, 
hole,  or  sudden  change  of  section  — must  be  avoided 
in  areas  of  even  relatively  low  alternating  stress. 
Techniques  have  been  developed  that  now  make 
welding  « viable  method  for  fabrication  of  rotor 
blades.  However,  care  must  be  exercised  in  the  place- 
ment of  the  weki,  and  adequate  quality  control  over 
the  process  must  be  assured  Holes  in  areas  of  high 
strew  also  can  be  evoidt  J through  the  use  of  adhesive 
bonding.  When  the  joints  are  designed  with  care, 
stress  concentrations  virtually  can  be  eliminated. 
Bonded  joints  also  act  as  a barrier  to  the  propaga- 
tion of  a crack  from  one  structural  member  to 
another.  In  all  of  the  Made  configurations  discussed 
in  the  earlier  parts  of  this  paragraph,  adhesive  bon- 
ding generally  is  the  principal  method  of  joining. 

54X8  Toriteg  sad  Quality  Control  Requirumpts 

Two  principal  categories  of  tooling  for  the  con- 
struction of  rotor  bladw  are  the  tools  for  fabricating 
the  main  components  and  those  for  assembling  the 
Made.  In  the  case  of  molded  flber-reinforced-plastic 
blades,  these  may  be  combined,  and  the  spar,  skins, 
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\tc.,  also  may  be  ma  . Cj  ...  .^coib!)  .ool. 

Dio  for  the  manufacture  of  extruded  aluminum 
span  are  relatively  inexpensive;  however,  the  ma- 
chining and  other  operations  involved  are  likely  to 
offset  this  cost  advantage  if  the  spar  is  tapered  in  any 
way.  Frequently,  it  is  difficult  to  maintain  the 
required  tolerances  in  aluminum  extrusions. 

Formed  sheet-metal  spars  and  shear  webs,  or 
longitudinal  stiffeners,  usually  arc  made  in  a multi- 
stage roll  forming  mill  if  the  blade  is  of  constant  sec- 
tion. T oling  is  more  expensive  than  extrusion  dies, 
but  is  more  durable  and  produces  parts  to  very  clore 
tolerances.  For  tapered  blades,  it  is  necessary  to 
stretch-form  the  parts.  Tools  and  capital  equipment 
for  this  operation  can  be  quite  costly,  but  very  close 
tolerances  can  be  held. 

Tubular  metal  spars  may  be  made  by  any  of  several 
methods,  all  of  which  are  some  form  of  swaging 
Tooling  costs  generally  are  quite  high.  Quality 
hazards  associated  with  these  process  include  man- 
drel pickup  and  the  enlargement  of  otherwise  negli- 
gible or  easily  removable  metal  defects. 

Adhesive  bonding  requires  large,  specialized  tools 
capable  of  applying  accurately  controlled  heat  and 
pressure  while  maintaining  close  dimensional  toler- 
ances. These  tools  may  b~  “unitized”;  i.e.,  they  may 
contain  built-in  sources  of  heat  anti  pressure.  Heat 
may  come  from  the  electrical  resistance  “calrod"  type 
of  inserts  or  heating  blankets,  or  may  be  provided  by 
steam  or  hot  oil  passages.  Pressure  sometimes  is 
applied  through  pneumatic  cells  contained  in  the 
fixture.  Unitized  tools  have  the  advantages  of  being 
semiportabic  and  of  being  capable  of  providing 
different  values  of  temperature  and  pressure  in 
different  zones,  a*  rcquiivd  for  the  bissj  of  materia! 
and  the  type  of  joint  in  each  particular  zone.  A dis- 
advantage is  that  each  rotor  blade  type  or  sub- 
assembly  requires  a completely  new  tool  with  heat, 
pressure,  and  cooling  provisions  and  relatively  com- 
plex controls. 

The  other  principal  assembly  method  is  the  auto- 
clave. Both  heat  and  pressure  are  provided  by  this 
piece  of  capital  equipment,  and  the  tools  that  hold 
the  blade  components  and  maintain  dimensions 
during  bonding  are  relatively  less  expensive  than 
comparable  unitized  tools.  However,  unless  special 
provisions  are  made,  all  areas  of  the  blade  receive  the 
same  heat  and  pressure.  This  can  be  a distinct  disad- 
vantage since  more  heat  input  is  desirable  in  a region 
such  as  at  the  root  end,  where  there  is  considerably 
snore  mass,  than  in  a light  section  of  the  blade. 

A hybrid  method  of  assembly  employs  a tool  that 
contains  its  own  pressure  source,  such  as  pneumatic 
cells,  but  that  is  placed  iu  an  oven  for  heating. 
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Regardless  of  the  type  of  too.ing,  precise  controls 
are  required  to  assure  that  proper  heat  and  pressure 
have  been  applied.  Printed  chart  records  are 
desirable,  end  provisions  should  be  made  for  the  pro- 
cessing of  samples  representative  of  each  individual 
blade  assembly  that  can  be  tested  to  destruction. 
Even  after  having  maintained  such  control,  it  ia 
desirable  that  some  form  of  nondestructive  testing 
(NDT)  be  applied  to  the  final  assembly.  The  most 
prevalent  NOT  method  is  the  ultrasonic  scan,  which 
reveals  unbonded  or  poorly  bonded  joints. 

MJ  BLADE  BALANCE  AND  TRACK 

Individual  production  rotor  blades  must  have  both 
dynamically  and  aerodynamically  similar  character- 
istics. Dynamic  similarity  is  achieved  through 
maintenance  of  a specific  mass  balance  by  the  addi- 
t in  or  removal  of  weights  on  the  blade.  Aerody- 
namic similarity  is  achieved  by  maintaining  close  air- 
foil and  geometric  control,  or  by  adjustments,  such  as 
with  a trim  tab.  Determination  and  confirmation  of 
dynamic  and  aerodynamic  similarity  are  accom- 
plished by  physically  balancing  and  tracking  each 
blade  against  a master  blade  or  set  of  master  blades. 

5-6.3. 1 Effect  of  Design 

Considerations  in  obtaining  dynamically  and  eeio- 
dynamically  similar  blades  must  begin  with  the 
design.  The  selection  of  materials  and  the  construc- 
tion of  the  blade  should  be  made  with  interchangea- 
bility as  an  ultimate  objective.  In  making  material 
selections,  trade-off  such  as  sheet  stock  versus 
extruded  or  forged  material  must  be  made.  General- 
ly, a weight  advantage  can  be  realized  by  the  use  of 
sheet  stock.  However,  the  forming  of  the  sheet  stock 
may  not  produce  a close-tolerance  airfoil  shape.  This 
type  of  trade-off  procedure  should  be  followed  for  all 
major  components  of  the  blade  to  insure  acceptable 
balance  and  track  and  ultimately,  the  interchangea- 
bility of  each  blade  with  other  blades  of  that  specific 
configuration. 

Because  the  control  of  the  weight  of  individual 
parts  within  a close  tolerance  could  result  in  extreme- 
ly high  costs,  some  adjustment  of  the  weight  of  the 
blade  must  be  provided.  This  adjustment  should  per- 
mit the  addition  or  removal  ot  weight  at  the  blade  tip 
and,  possibly,  at  the  blade  root  as  well,  fn  many  blade 
designs,  the  adjustable  tip  weights  are  installed  on  at 
least  two  separate  chordwise  attachment  points  (par. 
S-6.2.4).  The  location  of  the  adjustable  weights  at  the 
tip  lakes  advantage  of  the  large  balance  arm  about 
the  reference  datum,  which  usually  is  the  center  of 
rotation.  Span  wise  balance  is  achieved  by  adjusting 
the  total  weight  at  both  attachments,  whereas  the 


chordwise  CG  is  corrected  by  transferring  weights 
between  the  chordwise  positions.  The  limits  of  ad- 
justment are  reached  when  either  attachment  is  com- 
pletely empty  or  is  completely  filled  with  weights. 

To  establish  individual  dynamic  balance,  both  the 
spanwise  and  product  moments  must  be  controlled  to 
maintain  a common  dynamic  axis  for  all  blades  of  a 
particular  model.  The  dynamic  axis  X is  expressed  as 
follows:  r 

hxydm 

X ,in.  (5-8) 

where  JL7W#" 

dm  * increment  of  blade  mass,  slug 
e = location  of  flapping  hinge  from  the  center 
of  rotation,  in. 

mt  « mass  of  spanwise  increment  at  inboard 
end  of  blade  (e),  slug 

mk  = mass  of  spanwise  increment  at  outboard 
end  of  blade  (ft),  slug 
ft  “ blade  radius,  in. 

x - chordwise  distance  from  blade  leading 
edge  to  centroid  of  mass  increment,  in. 
y x spanwise  distance  fiom  flapping  hinge  to 
centroid  of  mass  increment,  in. 

Eg.  5-8  implies  that  the  weight  of  each  clement  or 
component  must  be  rigidly  controlled.  However,  in 
practice  this  is  not  necessary  because  a system  can  be 
established  to  match  relatively  heavy  parts  with  those 
that  are  on  the  light  side  of  the  tolerance  scale. 

Because  it  would  be  quite  cumbersome  to  match  or 
select  each  and  every  part  of  the  blade  assembly,  only 
those  components  that  make  up  the  bulk  of  the 
weight  need  be  considered.  This  method  of  selective 
assembly  divides  the  rotor  blade  into  four  main  com- 
ponents or  groups:  the  spar  or  spar  assembly;  the 
leading  edge  material,  including  ballast;  the  aft  sec- 
tion skins  and  stabilizing  material;  and  the  trailing 
edge  reinforcement.  These  four  rntgor  components 
are  selected  because  they  comprise  the  basic  structure 
of  a blade  and  extend  the  full  length  of  the  blade 
span.  Variations  in  the  weights  of  the  remaining  parts 
have  little  significance  in  the  total  weight  and  balance 
of  the  complete  blade. 

S-4.3.2  Caapawl  Unit  Weights 
By  selecting  the  mqjor  components  on  the  basis  of 
their  respective  weights  and  moments  relative  to  the 
available  weight  adjustments,  virtually  all  blades  can 
be  balanced  to  a master  balance  blade.  The  weight 
variation  in  each  part  shall  be  determined  by  the 
available  capacity  of  the  attachments  for  adjustable 
weight  Weight  limits  for  each  part  may  be  caiculet- 
ed  by  assuming  that  all  other  parts  are  of  nominal 


weight  and  that  one  of  the  weight  attachments  is 
completely  empty  or  full.  When  two  tip  weight  at- 
tachments are  used,  the  acceptable  weight  tolerance 
on  forward  components  (e.g.,  spar  and  abrasion 
strip)  is  lirr.ited  by  the  forward  tip  weight  capacity, 
whereas  the  weight  tolerance  on  afi  components  (e.g., 
trailing  edge  and  skins)  is  limited  by  the  aft  tip  weight 
capacity. 

When  this  method  of  weight  adjustment  is  used, 
the  limit  weight  for  each  component  may  be  obtained 
by  the  solution  of  simple  pairs  cf  simultaneous 
equations.  The  equations  are  set  up  in  terms  of  span- 
wise  and  chordwise  (or  product)  moments  where  the 
sums  of  the  moments  of  empty  or  full  attachments 
and  the  two  unknown  weights  arc  equated  to  Uie 
sums  of  the  nominal  moments  on  the  same  compo- 
nents, as  shown  in  Table  5-2. 

The  steps  that  follow  (using  data  from  Table  5-2) 
show  the  solution  for  the  minimum  and  maximum 
weight  for  one  part  (an  abrasion  strip): 

1.  Minimum  allowable  weight  (forward  attach- 
ment assumed  full): 

a.  Spanwise  moment  is: 

0 19(155.50)  + 82.6.  + I55.50W'  - 459.30  + 

15.55  + 15.55 

b.  Product  moment  it: 

0.19(155.50)  (0.75)  + (82.61)  (0.558)  IP, + 
(155.50)  (2.35)»;  - 256.30  + 11.66  + 36.54 

c.  Solving  these  two  equations  will  give 

the  minimum  allowable  weight  for  the  abrasion  strip, 
lb,  if  all  other  components  remain  at  nominal  weight 

2.  Maximum  allowable  weight  (forward  attach- 
ment assumed  empty): 

a.  Spanwise  moment  is: 

0.01 ! 55.50)  + 82.6!  + 155.50  W,  « 459.30  + 

15.55  + 15.55 

b.  Product  moment  is: 

0.0(155.50)  (0.75)  + (82.61)  (0.558)  W,  + (155.5) 
(2.35 W^)  - 256.30  + 19.66  + 36.54 

c.  Solving  these  two  equations  will  give  W>max 
the  maximum  allowable  weight  for  the  abrasion  strip, 
if  all  other  components  remain  at  nominal  weight,  in 
both  the  solutions  the  values  Wm  and  Wr  the  aft  and 
forward  adjustable  weights,  respectively,  must  be 
£0.19  lb.  the  maximum  capacity  of  the  adjustable 
weight  attachment.  A similar  set  of  simultaneous 
equations  is  solved  for  each  of  the  other  three  critical 
components. 

Nomograms  can  be  prepared  for  convenience  in 
the  selection  of  the  four  oi  more  critical  weight  com- 
ponents. These  nomograms  combine  into  a single 
graphical  format  all  the  minimum  and  maximum 
component  weights  determined  by  the  procedure 
stated  previously.  Similarly,  these  results  can  be  com- 


TABLE  5-2.  EXAMPLE  OF  NOMINAL  WEIGHT  AND  CC  LOCATIONS 


MOMENT 


ABRASION  STRIP 

’ADJUSTABLE 

TIP 

WEIGHTS 

FORWARD1 

AFT1 

’ MAXIMUM  CAPACITY  0.19  lb 


n.«4  r-  # ■*  ft/WjTVn  Df  i l\r  D i I AKirT  /C  i A Aft)  I C V 

l/IDLL  J-J,  |\u  1 DLnuL  M/itirtnvL.  *-»-</ 


SUB-TOTAL  COMPLETED 
BLADE  UNBALANCED 

ADJUSTABLE  FORWARD 

TIP  WEIGHTS  

ADDED  AFT 


SUB-TOTAL  PRELIMINARY 
BALANCE  BLADE 

PRELIMINARY  DYNAMIC 
AXIS  (CHECK) 

ADJUSTABLE  FORWARD 
TIP  WEIGHTS  AFT 

TOTAL  FOR  TEETER 
BALANCED  BLADE 

FINAL  DYNAMIC  AXIS 
(CHECK) 


SPANWISE 

MOMENT 

WEIGHT,  COEFFICIENT, 
lb  in. 

A B 


155.50 

inn 


SUB-TOTAL  COLUMN  E 
SUB-TOTAL  COLUMN  C 

~^3.005  155.50 

- 0.005  155.60 


TOTAL  OF  COLUMN  E 
TOTAL  OF  COLUMN  C 


SPANWISE 

MOMENT, 

lb-in. 

A x B 
C 

2156.9 


PRODUCT 

MOMENT 

COEFFICIENT 

in  2 


HU 

2196.3 


116.60 
3KH  AD 


PRODUCT 
MOMENT, 
lb-in.J 
A x D 
E 

3599.6  . 


3671.2 

2196.3 


-®1.672  in. 


3668.8 

2194.7 


3671.2 


-0.8 

116.60  i 

-0.6 

-0.8 

365.40  | 

-1.8 

2194.7 

3668.8 

a 672  in. 


NOTES:  <D  THIS  WEIGHT  ADJUSTMENT  IS  MADE  WHEN  THE  BLADE  IS  TEETER  BALANCED. 
THE  NEGATIVE  SIGN  INDICATES  WEIGHT  WAS  REMOVED. 

0 DYNAMIC  AXIS  AS  MEASURED  FROM  THE  LEADING  EDGE. 
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bined  into  a system  employing  a digital  computer  to 
provide  rapid  component  seloction  from  a number  of 
random-weight  parts. 

For  final  balance  the  spanwise  and  product 
moments  of  all  of  the  blade  components,  including 
the  paint  and  adhesive,  are  obtained  for  the  un- 
balanced blade.  Again,  two  simultaneous  equations 
can  be  written.  The  unbalanced  spanwise  moment 
and  the  forward  and  alt  tip  weight  moments  should 
be  equated  to  the  o quired  spanwise  moment  of  the 
master  blade.  The  unbalanced  product  moment  along 
with  the  forward  and  aft  tip  weight  moments  should 
be  equated  to  the  desired  product  moment.  Solving 
these  equations  simultaneously  will  yield  the  ad- 
ditional weight  required  at  each  location  for  dy- 
namic balance.  A summary  of  the  balance  procedure 
is  shown  in  Table  5-3. 

By  establishing  a weight  tolerance  for  each  of  the 
major  selective  components  and  using  a consistent 
method  of  part  seloction,  the  blade  assembly  will,  in 
nearly  all  cases,  balance  within  the  capacity  of  ad- 
justable weight  attachments.  Upon  final  assembly  of 
the  blade,  it  shall  be  balance-checked  against  a master 
blade.  The  tolerance  oil  the  actual  balance  depends 
Oil  both  the  type  oi  lOiOf,  c.g.,  fully  afuCuivicu  oi 

hingeless,  and  the  size  of  the  blade.  Tolerances  of  the 
order  of  10  in.-oz  are  not  uncommon.  This  physical 
balance  of  the  blade  must  be  performed  on  a balance 
stand  capable  of  registering  the  blade  spanwise  mo- 
ment to  within  the  specified  tolerance.  Weight  should 
be  added  or  removed  as  required  to  balance  the  new 
blade.  The  balance  master  shall  be  established  as  that 
blade  to  which  all  other  blades  of  a particular  part 
number  or  scries  shall  be  balanced.  This  demonstra- 
tion shall  be  accomplished  by  balancing  each  blade 
either  directly  against  the  master  balance  blade  or 
against  a calibrated  mass  balance  for  which  the 
master  blade  was  the  calibration  stan.daid. 

The  spanwise  teeter  balance  diicuiKd  previously 
demonstrates  only  that  the  blade  will  be  in  flywheel 
balance;  however,  the  dynamic  chordwise  balance 
still  may  be  out  of  tolerance.  Dynamic  chordwise 
balance,  therefore,  must  be  checked  by  tracking  the 
blades  at  various  rpm  and  collective  pitch  settings.  If 
the  selection  of  parts  was  controlled  during  the  fabri- 
cation of  the  blades,  a minor  adjustment,  such  as 
moving  adjustable  tip  weights  forward  or  aft,  will 
correct  any  dynamic  chordwise  deviation. 

$433  Track 

To  confirm  interchangeability,  each  blade  should 
be  tracked  prior  to  its  release  for  installation.  How- 
ever, tracking  of  hingeless  blades  is  difficult  because 
the  deflections  at  the  tip  arc  small.  Interchange- 
ability  of  these  blades  can  be  confirmed  by  using  a 


closely  controlled  weight  and  balance  system  during 
manufacture.  The  prerelease  tracking  of  all  other 
blades  will  be  made  against  master  tracking  blades. 
The  master  bladc(s)  are  bladc(s)  that  have  been  fabri- 
cated as  closely  as  possible  to  design  specifications 
and  to  as  precise  tolerances.  These  master  tracking 
blades  are  produced  so  that,  when  they  are  installed, 
the  controls  arc  adjusted  to  the  nominal  position.  It 
then  can  be  ascertained  how  much  deviation  ot  toler- 
ance may  be  allowed  on  production  blades.  Consider- 
ation of  allowable  tolerances  shall  include  the  crew 
comfort  levels  defined  in  MIL-H-8501, 
Interchangeability  with  master  blades  must  be 
determined  either  on  a tiedown  aircraft  or  on  a 
suitable  tower  prior  to  release  for  random  installa- 
tion. At  least  one  master  blade  must  be  tracked  with 
each  group  of  production  blades.  The  blades  should 
be  tracked  at  several  rotor  speed  settings  typical  of 
those  that  will  be-  encountered  during  operation  and 
at  several  values  of  collective  pitch,  with  rotor  speed 
held  constant.  Track  readings  shall  be  taken  for  each 
blade  at  each  speed  and  pitch  setting.  Typical  data 
are  shown  in  Figs.  5-29  and  5-30. 


Figure  5-29.  Track  With  Varying  rpm 
(Zero  Collective  Pitch} 


Figure  5-30.  Track  With  Varying  Collective  Pilch 
(Constant  Rotor  rpm) 
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A typical  plot  (Fig.  5-29)  cf  the  tracking  data 
recorded  by  any  one  of  several  tracking  method* 
during  an  rpro  sweep  of  an  articulated  rotor  indicates 
that  blade  (A)  i*  scrodynamkally  similar  to  the 
master;  however,  an  incidence  or  pitch  adjustment  is 
required  to  correct  the  blade  track  to  zero.  Blades  (B) 
and  (C)  can  be  corrected  by  downward  trim  tab  ad- 
justment.  The  appropriate  adjustments  should  be 
made  to  bring  all  blade  tracks  within  the  tolerance 
level  compatible  with  crew  comfort  levels  previously 
established.  This  tolerance  will  depend  on  rotor  size 
but  commonly  will  be  equivalent  to  differential  blade 
coning  angles  of  the  order  of  5 min. 

A typical  plot  (Fig.  $-30)  of  track  data  during  a 
collective  pitch  swoep  with  the  same  articulated  rotor 
depicts  bledes  (A)  and  (C)  out  of  track  due  to  dy- 
namic unbalance.  This  condition  is  corrected  by 
moving  a portion  of  the  adjustable  weight  of  blade 
(A)  forward  while  that  of  blade  (C)  is  moved  aft. 
Blade  (B)  is  seen  to  be  dynamically  similar  to  the 
master  blade  without  adjustment.  Weight  adjust- 
ments and/or  trim  tab  or  trailing  edge  adjustments 
will  provide  blades  that  are  dynamically  and  aerody- 
namicaliy  alike,  permitting  interchangeability  with  aii 
other  blades  of  that  configuration.  In  both  Figs.  5-29 
and  5-30,  the  reference  master  blade  is  shown  as  a 
horizontal  straight  line  through  zero  without  slope. 

Several  methods  of  tracking  blades  may  be 
employed;  the  accuracy,  safety,  and  reliability  of  the 
electronic  trackers  provide  excellent  results. 

In  addition  to  tut  flat  and  collective  tracking  data, 
the  blede  pitching  moments  should  be  determined 
with  a suitable  calibrated  load  cell.  Pitch  link  forces 
should  match  the  master  blade  pitching  moment 
within  an  acceptable  tolerance  for  which  it  car.  be 
demonstrated  that  vibratory  levels  do  not  exceed  the 
limits  of  MIL-H-8501  and  that  life-limiting  oscilla- 
tory stresses  ore  not  induced. 


56.4  ROTOR  BLADE  MATERIALS 

As  diseased  in  par.  5-6.2,  a relatively  broad  varie- 
ty of  materials  may  be  used  in  rotor  blade  construc- 
tion. This  paragraph  considers  the  major  factors  that 
lead  to  the  selection  of  specific  materials,  based  upon 
the  inherent  properties  of  the  materials  and  irre- 
spective of  the  details  of  construction. 

Helicopter  rotor  blades  are  unique  in  that  many 
conditions  thst  must  be  met  depend  upon  various 
combinations  of  material  properties.  A rotor  blade 
must  be  designed  as  an  integrated  part  of  the  com- 
plete rotor  system.  One  specific  requirement  is  that 
the  mas*  moment  of  inertia  of  the  rotor  system  must 
be  of  at  least  a minimum  value  to  provide  satis- 
factory autorotalional  characteristics.  This  require- 


ment has  much  influence  in  the  establishment  of  the 
minimum  mass  distribution  for  the  rotor  blade.  No 
weight  savings  can  be  realized  beyond  the  limit  im- 
peded by  this  requirement;  thus,  a point  exists  beyond 
which  an  increase  in  the  strength-to-weight  ratio  of 
the  material  cannot  reduce  blade  weight.  Although  a 
high  strength-to-weight  ratio  is  desirable,  more  im- 
portant factors  are  the  ratios  of  both  the  fatigue 
strength  and  density  to  the  modulus  of  elasticity  of 
the  material. 

The  total  loads  on  a rotor  blade  cannot  be  pre- 
dicted by  a straight  forward  examination  of  rotor 
thrust  and  centrifugal  force.Tiie  loads  depend  upon 
the  response  of  the  blades  to  the  periodic  airloads 
which  themselves  are  affected  by  the  blade  motion. 
The  blade  response  also  depends  heavily  upon  the 
mass  distribution.  A change  in  stiffness  aflccts  the 
bending  moments,  deflection,  and  radii  of  curvature 
of  the  blade  to  the  extent  that  the  response  is 
changed.  It  is  impossible  to  predict  — without  a re- 
evaluation  of  the  blade  response  — whether  a change 
in  stiffness  will  increase,  decrease,  or  have  no  effect 
on  the  radius  of  curvature  of  the  blade.  In  other 
words,  the  radius  of  curvature  of  a rotor  blade  docs 
not  have  the  simple  proportional  relationship  to 
stiffness  that  exists  in  a static  structure  because  the 
bending  moment  is  a dependent  variable.  Neverthe- 
less, the  following  equation  from  simple  beam  theory 
for  the  radius  of  curvature  r is  applicable: 


l_ 

r 


M 

ZU 


.in. 


(5-9) 


and  bending  stress  aa  in  a particular  material  with 
modulus  E is 


(5-10) 

XEi  * PM 

Substituting  Eq.  5-9  in 

Eq.  5-10, 

Cg  « 

c.E 

,psi 

r 

(5-11) 

where 

c « distance  from  beam  neutral  axis  to  outer 

a 

fiber,  in. 

E m modulus  of  elasticity,  p*i 

/ * moment  of  inertia,  in.4 

Af  m bending  moment,  in. -lb 
If  a stiffness  change  is  made  in  such  a way  that  the 
distribution  of  mass  and  stiffness  is  unchanged,  the 
blade  response,  and  thus  the  radius  of  curvature,  also 
will  be  substantially  unchanged.  Then,  as  in  Eq.  5-1 1, 
the  blads  bending  stress  will  increase  in  direct  pro- 
portion to  the  material  modulus  of  elasticity  E.  It 
follows  that  the  most  desirable  rotor  blade  material  is 
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the  one  that  ha*  the  highest  ratio  of  strength  to 
modulus  of  elasticity.  Any  material  with  a high 
modulus  of  elasticity  that  docs  not  have  a propor- 
tionately high  strength  is  undesirable. 

Table  $-4  is  a comparison  of  the  ratios  of  material 
fatigue  allowable  (FA ) to  modulus  of  elasticity  £ for  a 
sample  of  available  rotor  blade  materials.  The  com- 
parison uses  fatigue  strength  because  this  factor  is  of 
primary  importance  in  rotor  blades.  The  values  given 
arc  based  on  experience  with  actual  structures  and 
arc  less  than  the  values  obtained  from  laboratory 
specimen  data;  however,  they  are  presented  here  for 
illustrative  purposes  only.  Specific  values  of  fatigue 
strength  for  metals,  plastics,  and  sandwich  structures 
are  contained  in  MIL-HDBK-5,  -17,  and  -23,  respec- 
tively. Care  must  be  exercised  in  using  any  given 
values  for  fatigue  strength  since  the  configuration  of 
the  specific  component  as  well  as  the  necessary  manu- 
facturing processes  may  adversely  affect  the  material 
properties. 

Considering  only  ratio  FA/C  as  the  criterion, 
Column  3 of  Table  5-4  indicates  steel  is  superior  to 
aluminum,  and  Fiberglas  or  graphite  is  superior  to 
either  metal.  Boron  i?  not  particularly  attractive. 
Wood  (spruce)  is  highly  fatigue-resistant,  but  also  has 
disadvantages  that  preclude  serious  consideration  for 
present-generation  helicopters. 

Up  to  this  point,  the  discussion  of  materials  has 
dealt  with  blade  bending  only.  When  more  than  one 


materia!  is  used  in  a rotor  biade,  other  considerations 
ere  necessary  since  a rotor  blade  operates  in  a rota- 
ting field.  In  this  condition,  strum  compatibility 
determined  by  the  ratio  of  modulus  of  elasticity  £ to 
mass  density  p becomes  an  important  factor. 

In  a rotating  field,  the  centrifugal  force  (CF) 
generated  by  each  blade  element  is  proportional  to 
the  mass  density  of  th«  specific  materia!  and  the  posi- 
tion of  the  element  along  the  blade  radius,  or  span. 
When  two  continuous  spanwise  members,  each  of  a 
different  material,  are  sidc-by-side  in  a common  cen- 
trifugal field,  each  will  tend  to  strain  an  amount  that 
is  proportional  to  its  respective  mass  density  p and  in- 
versely proportional  to  its  modulus  of  elasticity  £.  In 
most  cases,  the  two  members  are  bonded  together 
with  an  adhesive  that  can  transfer  load  from  one  to 
the  other  by  shear,  causing  them  to  strain  equally. 
This  being  the  case,  the  material  with  the  higher  value 
of  -,hc  ratio  £/p  will  pick  up  load  from  the  other 
material  and  be  stressed  higher  than  if  it  were  ro- 
tating by  itself.  Thus,  it  is  desirable  that  two  or  more 
materials,  used  in  combination,  have  fairly  similar 
values  of  E/p.  Column  5 of  Table  5-4  indicates  that 
aluminum  and  steel  are  highly  com.nrtihle  in  this 
respect,  and  Fiberglas  in  combination  with  steel  or 
aluminum  is  acceptable.  Boror.  ana  graphite  p.  e com- 
patible with  each  other,  but  eithei  should  be  used 
with  caution  ir  combination  with  steel,  aluminum,  or 
Fiberglas. 


TABLE  5-4.  COMPARISON  OK  MATERIAL  PROPERTIES 


MATERIAL 

1 

E, 

' w pjl 

? 

FATIGUE 

ALLOWABLE 

C A r\  r i 
• r-s, 

3 

FA 

T 

4 

DENSITY  p. 
Ib/in? 

5 

J_ 

P 

in6 

•V  III, 

ALLOY  STEEL 

29 

+ 30,000 

0.0010 

0.28 

103 

ALUMINUM 

10 

+ 6,000 

0 C006 

6.70 

100 

"E”  GLASS/EPOXY 

UNIDIRECTIONAL 

6 

+ 8,700 

0.0014 

0.065 

92 

BIDIRECTIONAL 

3.5 

+ 4,200 

0.0012 

0.065 

54 

"S"  oassTepoxy 
(INDIRECTION  AL 

8 

+ 9,700 

0.0012 

0.074 

103 

BIDIRECTIONAL 

5 

+ 4,900 

0.0010 

0.074 

67 

BORON/EPOXY 

UNDIRECTIONAL 

36 

+ 26,000 

0.0007 

0.074 

486 

BIDIRECTIONAL 

21” 

+ 13,000 

0,0006 

0.074 

284 

GRAPHITE/EPOXY 

UNDIRECTIONAL 

30 

+ 40,000* 

0,0013 

0.053 

565 

BIDIRECTIONAL 

18* 

+ 20,000* 

0.0011 

0.053 

340 

SPRUCE 

1.4 

+ 2,f»0 

6.6674“ 

SIfi6 

88 

* DATA  EXTRAPOLATED  AND/OR  ESTIMATED  FROM  NUMEROUS  SOURCES. 
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in  view  of  growing  pressure*  to  use  advtncod  com 
poaites  in  s.rcrafi  structures,  it  is  appropriate  to 
examine  the  benefits,  if  any,  to  he  derived  from  their 
application  to  rotor  blades.  The  outstanding  attrac- 
tions of  such  materials  are  very  high  stiffness,  high 
strength,  end  low  weight.  It  has  been  shown  that  the 
ratios  of  these  properties  — rather  than  the  absolute 
values  — are  of  prime  importance.  From  the  stand- 
point of  fatigue  resistance  (Column  2,  Table  5-4), 
these  materi  als  appear  to  be  very  compatible  with 
more  conventional  materials  for  use  in  rotor  blades. 
The  question,  then,  becomes  whetK*r  there  are  over- 
riding advantages  to  be  gained  from  other  character- 
istics, such  as  ballastic  tolerance,  or  the  high  value  of 
the  ratio  E/p. 

The  rotor  blade  dynamic  response  is  high'y  depen- 
dent upon  the  rotating  natural  frequencies  of  the 
blade,  and  it  is  necessary  that  the  b*®de  be  designed  to 
avoid  frequencies  that  are  in  resonance  with  any  for- 
cing functions.  The  expression  for  natural  frequency 
of  a rotaiing  beam  uKn  is 


/ FI 


V-U,1 


+ A„w  , rad/sec 


where 


coefficient  which  is  dependent  upon  truss 
and  stiffness  distribution  and  has  a d.ifer- 
eit  value  for  each  mode  of  vibration,  di- 
mensio.iless 
El  = stiffness,  lb-in.1 

A„  * coefficient  dependent  upon  mass  distribu- 
tion and  the  mode  of  vibration,  dimension- 
less 

.*?!  =>  mas®  per  un*t  length  of  beam,  slug/in, 

/ ■ length,  in. 

fl  * rotational  speed,  rad/sec 

For  hinged  beams,  the  values  an  and  Kn  for  the  first 
three  modes  are: 
a,  * 1 5.5,  Oj  *=  50.0,  a 3 = 105.0 
A',  - 6.38,  A2  = 17.65,  A3  * 3.50 
To  examine  the  effect  of  stiffness  £/  on  natural  fre- 
quency, an  example  >s  presented:  a constant-cross- 
section  blade  of  25-ft  radius  with  a weight  of  4.0  tb/ft 
and  a flapwise  El  of  20  x '■  !b-in.J  A tip  speed  of 
680  fps  is  assumed,  giving  a rotational  speed  (1  of  27.2 
rad/sec;  hence 


tf 


<*>*,  - ! (15.5)' 


20  x rv 

+ 6.38(27.2)' 

4 X (25  X 12)* 

12  X (32.7  X 12) 

“V/695T4720  « 
” 73.6  rad/scc 


v/5415 
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which  is 


or 


— ‘ a.  HP 

fi  * 27. f 
= 2 .720 


2.72 


Now,  assuming  that  'he  stiffness  El  is  increased  to  40 
x 10*  lb-in.J, 

«*,  ~ Vl 390  + 4720  »v^n0 


* 78.2rad/sec 

Thus,  for  the  first  flapwise  bending  mode  on  a typical 
hilled  rotor  blade,  a 100%  stiffness  change  results  in 
a change  in  rotating  frequency  * 4.6  rad/sec, 

or  6%.  This  mode  of  vibration  is  critical  in  an  articu- 
lated rotor,  and  the  only  effective  way  to  control  it  is 
by  varying  the  mass  distribution,  because  little  can  be 
done  by  changing  the  stiffness. 

Further  examination  would  show  that  the  first 
choidwise  mode  of  vibration,  as  well  as  the  higher 
modes  in  both  planes,  is  affected  significantly  by 
blade  stiffness.  For  hingeiess  or  semirigid  rotors,  all 
modes  are  affected  significantly  by  blade  stiffness.  In 
these  types  of  rotors,  the  higher  modes  of  vibration 
are  manifest  primarily  in  blade  stress  levels,  as  op- 
posed to  vehicle  vibrations.  For  multibladcd  rotors, 
the  higher  vibration  modes  also  can  contribute  signi- 
ficantly to  vibrations. 

Material  selection  also  can  be  very  important  in 
rotor  blade  fabrication.  It  now  is  possible  to  produce 
nonuniform  blade  cross  sections  in  any  of  the 
available  materials,  although  it  genei  ally  is  easier 
with  composites,  which  can  be  molded.  As  in  in- 
stances where  noncompatiblc  values  of  E/p  can  cause 
high  stresses  in  flight,  it  also  is  important  to  avoid 
material  combinations  with  greatly  differing  coeffi- 
cients of  thermal  expansion.  Such  assemblies  can 
develop  high  residual  stresses  as  a result  of  adhesive 
bonding  operations. 

Ideally,  a rotor  biade  should  be  made  of  materials 
that  are  highly  resistant  to  both  corrosion  and  ero- 
sion. Corrosion  resistance  of  the  nonmetnllic  com- 
posites is  highly  attractive  and  car.  be  influential  in 
material  selection.  In  a monolithic  composite  blade, 
it  is  necessary  to  protect  the  forward  portion  against 
erosion.  The  most  effective  material!  for  thii  purpose 
are  stainless  steel,  nickel,  cr  cobalt  abrasion  shields. 
Of  the  elastomeric  materials,  the  urethanes  are 
superior  and  are  very  durable  when  subjected  to 
sand,  but  generally  have  been  found  to  have  short 
lives  when  rain  is  a significant  part  of  the  environ- 
ment. 
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It  has  been  determined  that  rotor  blades  are 
vulnerable  especially  to  Pghtning.  To  avoid  damage 
to  blades  subject  to  lightning  strikes,  provision  must 
be  made  for  low-resistance  paths  for  the  high  currents 
that  are  characteristic  of  lightning.  The  basic  light- 
ning protection  requirements  for  all  aerospace 
systems  are  given  by  MIL-B-5087.  For  blades  con- 
structed cf  composite  materials  — inherently  poor 
conductors  — * or  even  those  of  all-metal  bonded  con- 
struct^.., adequate  protection  against  lightning 
damage  shall  be  demonstrated  by  test  (see  par.  8-9.4, 
AMCP  706-203.)  Valuable  preventive  design  guide- 
lines arc  given  in  Chapter  7,  AFSC  DK  1-4. 

5-7  ROTOR  SYSTEM  FATIGUE  LIVES 

5-7.1  GENERAL 

Critical  helicopter  components  are  subject  to  a 
load  spectrum  characterized  by  a relatively  high-fre- 
quency oscillating  load  content.  Characteristically, 
the  rotor  system  — particularly  the  main  rotor  — 
produces  and  endures  the  highest  cyclic  loading.  A 
fundamental  design  requirement  is  long  life  of  rotor 
system  components.  Resor.ant  conditions  that  pro- 
duce high  or  uulitugiug  cyclic  stress  levels  within  a 
component  must  be  avoided.  However,  compliance 
with  these  requirements  can  be  verified  only  through 
the  correlation  of  flight  test  and  component  fatigue 
test  data.  The  discussion  that  follows  supplements  the 
description  of  fatigue  life  determination  given  in  par. 
4-11,  AMCP  706-201. 

Corrosion  has  a rapidly  degrading  effect  or  the 
fatigue  strength,  and  related  life,  of  a particular  com- 
ponent end  this  effect  is  difficult  to  predict  in  an  ac- 
curate quantitative  manner.  Corrosion-resistant  ma- 
terials and/or  proven  corrosion  protection  methods 
thus  should  be  used  to  obviate  the  necessity  of  con- 
sidering corrosion  in  the  determination  of  rotor 
system  component  fatigue  life. 

Fretting  is  the  erosive  failure  cf  the  metal  surface 
as  the  result  of  small  displacements  of  heavily  loaded 
mating  parts.  All  preventive  methods  practicable 
should  be  employed  in  the  design  and  development 
phase  to  preclude  the  occurrence  of  fretting  between 
components,  particularly  critical,  highly  stressed 
bladc/hub  retention  areas.  Fretting  occurs  common- 
ly in  areas  such  as  tension  torsion  strap  packs, 
bearings,  (particularly  low-angle  oscillating  applica- 
tions), t mention  hole  bushings,  and  biade/hub  at- 
tachment fittings.  The  degree  of  success  in  pre- 
venting the  occurrence  of  fretting  is  determined 
through  careful  inspection  of  various  components 
that  have  been  subjected  to  fatigue  tests  that  simulate 
actual  installations  end  loads. 


\ 


Rotor  system  components  with  long  lives  can  be 
attained  by  implementing  a combination  of  tech- 
niques in  the  initial  design.  Preliminary  calculations 
of  rotor  system  natural  frequencies  and  loads  can  be 
made  with  a reasonable  degree  of  accuracy  for  a pre- 
scribed number  of  representative  vehicle  flight  con- 
ditions. The  mission  profile  specified  for  the  vehicle, 
coupled  with  load  calculations  for  specific  flight  con- 
ditions, can  define  a preliminary  load  spectrum,  con- 
sisting of  load  magnitude  and  frequency,  as  well  as 
frequency  of  occurrence.  These  data,  when  combined 
with  section  property  and  therociical  stress  concen- 
tration factors  for  a component  design,  can  be  con- 
verted to  steady  and  oscillatory  S-N  (stress  versus 
number  of  cycles)  data.  Therefore,  preliminary  com- 
ponent life  can  be  determined  based  upon  cumula- 
tive damage  and  notched  and  unnotched  material  or 
similar  fatigue  test  data.  Coupon  fatigue  test  data 
must  be  used  with  care  since  ihcse  data  usually  will 
not  reflect  accurately  the  effects  of  manufacturing 
processes  that  ate  peculiar  to  a specific  component 
design.  5- A'  test  data  for  components  of  similar 
design  and  manufacturing  process  are  more  useful  in 
the  preliminary  determination  of  component  life  (see 
par.  4-11,  AMCP  706  201). 

Although  the  previously  described  method  can  be 
employed  in  the  preliminary  design  phase  to  predict 
component  life,  a more  rigorous  analysis  of  compo- 
nent fatigue  and  flight  test  data  must  be  performed  to 
determine  the  final  life  of  the  component.  In  the  lab- 
oratory fatigue  t«wt  it  is  necessary  to  simulate  the  ac- 
tual combined  loading  conditions,  particularly  in 
areas  of  local  attachment  or  where  actual  load  paths 
may  be  in  question.  For  example,  at  » .w/rr  blade 
root-to-hub  attachment,  a mear.i^f  i .qwrscrts- 
tion  of  the  flight  condition  ijicln  ic  *.  fontciR&j  cyclic 
(lap  and  chordwise  moments  and  shears  pi  torsion 
superimposed  on  the  centrifugal  force.  Because,  it  is 
not  feasible  in  many  cases  to  include  all  associated  *»r 
influencing  components  in  the  fatigue  test,  it  often  is 
important  to  simulate  local  flexibilities  offered  by 
flexures,  bearings,  etc.,  or  to  simulate  local  force  in- 
puts to  the  test  article  such  as  those  offered  by  pivot 
point  friction  or  lead-lag  dampers. 

The  failure  data  acquired  for  an  assembly  quite 
often  will  involve  the  failure  of  only  one  component 
of  that  assembly  |This  component  then  becomes  the 
limiting  factor  in  the  life  of  the  assembly.  If  such  a 
component  is  a replaceable  item,  it  can  l>c  replaced 
periodically  during  testing,  as  failures  occur,  in  order 
to  acquire  failure  date  for  the  longer-life  compo- 
nents. Although  the  individual  components  of  the 
assembly  can  be  tested  separately  under  simulated 
loading  conditions,  testing  of  the  complete  assembly 
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usually  is  prefr„#ble  in  order  to  include  the  effect*  of 
load  traufer  between  components.  For  bonded, 
welded,  or  otherwise  permanently  fastened  assem- 
blies individual  component  tat  data  must  be  ac- 
quired; or  S- N daw  of  such  components  in  like 
material,  process,  and  configuration  may  be 
empknsd,  if  available.  These  data  should  be  mod- 
ified by  use  of  the  Goodman  diagram  or  other  accep- 
table means  to  reflect  the  presence  of  steady  loads  as 
appropriate.  Methods  of  obtaining  acceptable  com- 
ponent S-N  data  are  discussed  in  par.  5-7.2. 

5-72  ENDURANCE  LIMIT  TESTING 
5-72,1  General 

Endurance  limit  testing  generally  is  required  to  ob- 
ta'r,  data  adequate  to  guarantee  the  service  life  for 
rotor  blades  (sec  par.  7-4.2.2.2,  AMCP  706-203).  This 
is  testing  in  which  the  material  and/or  part  is  sub- 
jected to  repeated  cycles  of  load,  with  or  without  a 
steady,  or  constant,  load  maintained.  The  endurance 
limit  for  most  homogeneous,  near-  isotropic  materials 
has  been  established,  and  is  defined  in  M1L-HDBK- 
3.  Fatigue  data  for  plastics  and  sandwich  construc- 
tion arc  contained  in  MiL-KD&K-i  7 and  -2',  respec- 
tively. In  most  instances,  these  data  are  presented  for 
both  smooth  and  notched  specimens.  However,  with 
the  introduction  of  many  and  varied  reinforced 
plastics  and  advanced  composites,  applicable  fatigue 
test  results  arc  not  yet  available  in  the  litercture. 
Basic  ter  is  thus  will  be  required  for  such  advanced 
materials. 

It  is  always  necessary  to  exercise  care  in  using  data 
that  are  related  to  the  shape  of  materia!  under  con- 
sideration. For  example,  the  use  of  sheet  stock  in 
rotor  biatf  r design  diciatei  the  use  of  tension-tension 
fatigue  data,  nher*  available,  to  predict  skin  fatigue 
life  or  the  life  of  any  part  made  from  sheet  stock 
However,  it  may  be  more  appropriate  to  use  R.  R. 
Moore  rotating  beam  fatigue  data  when  solid  bar  or 
plate  stock  is  integrated  into  the  blade  design.  Ad- 
ditionally, an  applicable  notch  factor,  either  inherent 
in  the  design  or  resulting  from  the  manufacturing 
process  is  of  primary  importance. 

To  confirm  a material  selection,  it  may  be  neefe.- 
sary  to  conduct  coupon  test*  to  subjtamiatc  a par- 
ticular material  condition  not  covered  in  the  current 
literature.  In  conducting  the  coupon  fatigue  tests,  it  is 
extremely  important  that  the  tost  material  has  beer, 
subjected  to  the  processes  associated  with  fabrice- 
ticn  of  the  critical  component,  !»■  addition,  tests  shall 
be  conducted  on  the  peitinent  material  shape,  using 
stock,  bar,  or  plate  as  the  design  dictates.  Other 
aspects  of  the  propcwxJ  component  configuration 
such  as  edge  condition,  fillet  radii,  os  Uwrp  bend 


radii  in  joggles  or  over  similar  fitting  areas,  should  be 
included  in  the  specimens  tested. 

Fatigue  or  endurance  tats  shall  be  conducted  on  a 
sufficient  number  of  coupons  for  each  condition.  The 
number  of  coupons  never  shall  be.  less  than  five. 
However,  if  the  standard  deviation  of  tits  data  points 
for  any  tat  condition  exceeds  15%  of  the  mean  stress, 
additional  coupons  shall  be  tested. 

Coupon  tais  may  be  conducted  on  any  suitable 
tat  fixture  or  stand  capable  of  applying  an  alter- 
nating toad.  The  alternating  load  may  be  superim- 
posed on  a steady,  or  mean,  load  to  produce  a load 
condition  as  shown  in  Fig.  5-31.  In  the  normal  rotor 
blade  load  spectrum,  each  load  condition  is  a combi- 
nation of  steady  and  alternating  loads.  Therefore,  the 
use  of  this  loading  condition  for  coupon  testing  is 
recommended. 

Coujton  design  depends  upon  the  type  of  material 
being  tested.  When  the  material  is  sheet  metal  stock 
some  form  of  the  “dog-bone"  coupon  should  be 
used.  The  transition  from  the  gage  section  to  the  grip 
area  shall  be  such  as  to  eliminate  a stress  concentra- 
tion due  to  section  change.  An  acceptable  radius  for 
such  a transition  is  given  in  Ref.  47.  Additionally, 
care  must  be  taken  with  the  edge  condition  cf  sheet 
stock  coupons.  The  machining  of  the  edge  should  be 
controlled  so  i>s  to  prevent  thermal  degradation  of 
the  material  near  the  edge.  Edges  should  be  prepared 
to  a polished  condition  by  using  f;n>  grit  sandpaper 
or  by  burnishing.  In  ih<s  manner  a base  line  endur- 
ance limit  can  be  established  that  will  permit  notch 
and  safety  facto?  reductions  from  a reliable  reference. 


Figure  MI,  Altoniiif  Stress  Superimposed  an 
Steady  Strew 
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When  stock  thickness  permits  — e.g.t  in  the  cue  of 
plate,  bar,  castings,  and  forgings  — it  is  preferable 
that  the  specimens  be  machined  with  a round  cross 
section.  The  circumferential  surface  should  be 
polished  in  order  to  remove  any  stress  concentra- 
tions or  notch  effects. 

In  order  to  predict  allowable  fatigue  strength  tor  a 
part  or  component,  notched  specimens  should  be 
tested  to  determine  the  resulting  fatigue  strength 
reduction.  Experience  has  shown  that  a typical  value 
of  this  notch  factor  Kr  is  about  3.0  for  almost  all 
metals.  The  notch  factor  which  may  be  calcu- 
lated or  be  based  on  test  data,  is  the  ratio  of  the  peak 
stresses  in  notched  and  unnotched  specimens. 

Data  from  tests  conducted  using  the  appropriate 
configuration  of  coupons  will  establish  an  SS  curve. 
In  developing  each  S-N  curve,  a minimum  of  five 
specimens  should  be  tested  at  varying  alternating 
loads  with  the  same  steady  load. 

The  stress  level  at  which  no  failure  occurs  after  107 
cycles  for  ferrous  metals  establishes  the  endurance 
limit  of  the  material.  A family  of  S-N  curves,  each  for 
& different  steady  load  will  provide  sufficient  data  to 
plot « Goodinan  disgrtiTi  (see  psr.  4-11,  AMCP  706 
201).  The  Goodman  diagram,  in  turn,  will  permit  the 


conversion  of  a particular  load  condition  into  an 
equivalent  load  condition  of  different  steady  end  al- 
ternating load  levels.  MIL-HDBK-5  presents  the 
data  in  a constant-life  diagram  rather  than  the  Good- 
man diagram,  m any  cue,  a diagram  constructed 
from  coupon  data  should  be  revised  as  component 
and  assembly  test  data  are  generated. 

S-7.2.2  Noe  metals 

The  use  of  plastics  reinforced  with  glass,  graphite, 
and/or  other  advanced  composite  materials  in  the 
construction  of  rotor  blades  will  require  the  develop- 
ment of  both  S-N  curves  and  rational  Goodman  dia- 
grams. Additionally,  the  processing  of  these  materials 
is  subject  to  variations  among  manufacturers.  There- 
fore, care  must  be  exercised  that  test  specimens  are 
representative  of  the  material  and  processes  to  be 
used  in  the  blade  construction.  Particular  attention 
should  be  given  to  fiber  orientation  with  respect  to 
the  principal  axis  of  loading. 

The  establishment  of  a family  of  S-N  curves  similar 
to  Fig.  5-32  is  an  acceptable  method  of  determining 
allowable  fatigue  strength  for  a particular  reinforced 
plastic  or  advanced  composite  malarial  (ACM). 
These  latiguc  strengths,  or  endurance  iimits,  shall  be 
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figure  5-32,  Alternating  S.rrss  vs  Cycle*  at  Various  Steady  Stress  Levels  (Cross  Plotted 
from  Fig.  3.1?,,  MIL-HDL  K-17  for  Notched  Specimens  of  181  GSass  Fabric  With 
f.SIUl-7*75  Polyester  Resin) 
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cstnblith<d  for  a particular  steady  load  at  a minimum 
S x 10'  cycle*  without  failure. 

Tts*  obj'K'Uve  of  the  coupon  tea*,  i*  to  eatabliah  or 
verify  the  endurance  limit  of  a material  for  several 
combinations  of  steady  and  alternating  loads. 
Because  it  would  be  unconservative  to  extrapolate  an 
equivalent  alternating  stress  from  a combined  steady 
and  alternating  stress  for  reinforced  plastics,  a family 
of  curves  similar  to  those  shown  in  Fig.  5-32  will  be 
required  to  evaluate  fatigue  damage. 

J-7JLJ  Structural  Members 

Following  the  establishment  of  material  endurance 
limits  from  coupon  test  data,  those  parts  that  carry 
primary  and  secondary  oscillatory  loads  should  be 
tested.  Components  such  as  the  blade  spar,  which 
may  be  one  continuous  member  or  a built-up  section, 
should  be  tested  thoroughly  prior  to  their  incorpora- 
tion into  the  complete  assembly.  Testing  of  such  parts 
and  subassemblies  will  provide  test  data  valuable  for 
further  adjustment  and  refinement  of  the  stress  dia- 
grams obtained  from  coupon  tests.  Additionally, 
tearing  of  critical  structural  members  such  at  the  spar 
reduces  the  cost  of  testing  full-size  blades  or  blade 
section*.  The  discussion  that  follows  supplements  rne 
test  requirements  delineated  in  Chapter  7,  AMCP 
706-203. 

In  many  blade  configurations,  a full-length  mem- 
ber such  as  the  spe : lends  itself  to  electromechanical 
vibratory  testing  or  other  simple  loading  methods  in- 
volving minimum  fixtures.  The  extreme  fiber  stress 
due  to  flap  bending  often  is  experienced  directly  by 
the  spar,  while  — because  of  a location  close  to  the 
neutral  axis  in  the  chordwise  bending  plane  — the 
effect  of  loading  in  this  plane  may  not  be  significant. 
To  obtain  usable  data,  the  part  or  subassembly  must 
be  instrumented  and  calibrated  to  known  load  con- 
ditions prior  to  conducting  the  fatigue  test. 

A minimum  of  three  specimens  of  each  signiftrnnt 
structural  member  should  be  tested  to  ascertain  the 
fatigue  strength  *n  the  manufactured  condition.  It  is 
extremely  important  that  the  processing  of  these 
specimens  be  identical  to  that  of  the  final  production 
unit. 

The  data  generated  from  pari  or  subassembly  tests 
will  compare  with  coupon  data  discussed  previously. 
The  shape  of  the  S-N  curve  for  most  metals  is  shown 
in  M1L-HDBK-S.  A rational  method  of  curve  fitting 
such  as  is  described  in  Chapter  9,  M1L-HDBK-5, 
shall  be  used  when  no  reference  curves  are  available. 
The  data  obtained  by  using  an  electromechanical  test 
machine  would  be  simple  alternating  stress  (zero 
steady  stress).  These  data  can  be  used  to  refine  the 
Goodman  diagrams  in  a manner  similar  to  that 


shown  in  Ref.  4®.  Additional  data  from  tests  of  other 
parts  of  the  same  material  may  be  used  to  define 
further  the  allowable  fatigue  envelope. 

In  mauy  instances  the  retention  holes  of  the  root 
blade  fitting  receive  special  processing.  Test  data  to 
substantiate  the  endurance  limit  of  the  root  retention 
fitting  can  be  obtained  by  testing  the  individual  fit- 
ting rather  than  the  entire  blade  or  root  section.  The 
effect  of  bearingizing,  (a  special  rolling  treating  of  the 
bearing  surface  of  a hole)  shot  peening.  or  other  such 
treatment  to  improve  the  fatigue  life  should  be 
evaluated  at  this  time.  Component  tests  of  specimens 
selected  as  beyond  normal  tolerance  also  can  be  used 
to  provide  data  to  assist  ir.  the  establishment  of  limits 
of  allowable  defects  and  of  overhaul  and  repair 
criteria.  To  the  maximum  extent  possible,  test  loads 
shall  simulate  the  condition^)  experienced  in  flight 
test  and  be  considered  in  the  analysis.  However, 
where  well-defined  stress  diagrams  exist,  a combina- 
tion of  steady  and  alternating  loads  that  may  be  con- 
verted to  an  equivalent  alternating  stress  condition 
should  be  selected. 

Testing  of  the  extreme  aft  section  member,  whether 
or  not  it  includes  a trailing  edge  strip  or  other  rein- 
forcement ai  tilt  aft  terminus  of  the  skin,  likewise  will 
piovide  valuable  data  for  service  life  prediction. 
Because  this  member  experiences  the  maximum  fiber 
stress  in  the  chordwise  bending  plane,  tension  -tension 
fatigue  loading  will  provide  acceptable  data.  Due  to 
the  relatively  sharp  contour  presented  by  the  trailing 
edge,  failure  may  be  precipitated  «;t  a relatively  low 
stress  level  by  a small  nick  or  scratch.  Although  the 
principal  stress  is  due  to  bending,  the  critical  stress 
may  be  simulated  as  a tensile  stress  due  to  the  small 
gradient.  If  practicable,  it  is  advantageous  for  the  test 
loads  to  duplicate  the  predicted  stress  combination  in 
the  trailing  edge. 

Additional  parts  or  subassemblies  peculiar  to  a 
specific  design  may  warrant  special  endurance  limit 
testing  Among  such  parts  are  the  tip  and/or  inertia 
weight  attachment  fittings.  These  parts  may  be  sub- 
jected to  high-amplitude,  low-cycle  fatigue  resulting 
from  the  start/stop  centrifugal  force  and  the  atten- 
dant secondary  moment  and/or  shear  loads.  The  en- 
durance limit  for  the  fittings  ana  attachments  may  be 
confirmed  by  duplicating  the  load  conditions  experi- 
enced in  service.  Other  components  and/or  subas- 
semblies should  be  tested  whenever  the  construction 
of  the  blade  does  not  permit  accurate  or  reliable 
analysis. 

5-7.2,4  Determination  of  Fatigue  Life 

Endurance  limit  testing  shall  provide  the  fatigue 
data  necessary  ib  pem.it  the  determination  of  a ser- 
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vke  life  Service  life  determination  shall  consider,  u a 
minimum,  the  flight  maneuvers  and  loading  con- 
ditions of  a realistic  mission  profile  and  the  resulting 
frequency  of  occurrence  of  damaging  strew  cycles 
(aee  par.  4-11.  AMCP  706-201). 

5-8  PROPELLERS 

5-8.1  GENERAL 

The  essential  dements  of  propdler  design  are 
described  in  the  paragraphs  that  follow.  Included  are 
a discussion  of  propeller  dynamic  behavior  and  how 
it  is  handled  in  design;  information  on  the  detail 
design  of  hubs,  actuators,  controls,  and  blades;  and  a 
description  of  how  test  data  are  uaed  to  verify  that  the 
propeller  has  a satisfactory  fatigue  life. 

In  many  respects,  the  propdler  design  process  is 
much  the  same  as  the  design  of  a helicopter  rotor. 
However,  because  of  differences  in  the  technology 
and  therefore  in  various  details  of  the  process,  this 
discussion  for  the  most  part  is  independent  of  the 
description  in  prior  paragraphs  of  the  rotor  design 
process.  Also,  the  design  requirements  specific  to 
propellers  generally  are  beyond  the  scope  of  ihis 
handbook.  Therefore,  the  paragraphs  that  follow  are 
oi.ly  descriptive  of  the  process  and  are  provided  for 
assistance  in  the  integration  of  propellers  into  the 
design  of  compound  helicopters. 

Almost  all  propeller  technology  has  developed 
from  design  work  and  experience  with  conventional 
aircraft  applications.  However,  the  information  pre- 
sented here  is  applicable  to  propellers  for  helicopters 
as  well.  Where  appropriate,  there  are  special  com- 
ments relative  to  helicopter  applications.  Propellers 
of  metal  or  composite  material,  with  hydraulic  means 
for  controlling  blade  angle,  are  emphasized.  Informa- 
tion on  other  kinds  of  propellers,  such  as  fixed-pitch 
wooden  versions  or  those  with  electrical  blade  angle 
actuation,  may  be  found  in  ANC-9. 

The  preliminary  design  procedure  for  choosing  a 
propeller  is  described  in  considerable  detail  in  par.  3- 
3,  AMCP  706-201.  The  generalized  performance  and 
weight  methods  given  therein  allow  an  examination 
of  all  pertinent  variables  so  that  the  best  configura- 
tion can  be  selected.  The  best  configuration  is  usually 
a compromise  that  depends  upon  the  relative  impor- 
tance of  cruise  performance,  takeoff  thrust,  and  other 
characteristics.  This  systematic  method  of  propeller 
selection  has  proven  successful  for  fixed-wing  air- 
craft and  can  be  expected  to  provide  the  basis  for  the 
proper  choice  of  propellers  for  helicopters. 

Besides  the  fundamental  performance  parameters, 
noise  frequently  plays  a major  role  in  the  selection  of 
a propeller  configuration.  If  noise  is  an  important 
design  criterion,  some  further  compromise  may  have 


to  be  made  in  both  performance  and  weight  as  quiet 
propellers  generally  require  low  disk  loading  and  tip 
speed. 

During  preliminary  design,  the  propeller  diameter, 
number  of  blades,  activity  factor,  integrated  design 
lift  coefficient,  and  rotational  speed  will  be  selected. 
The  planform  and  twist  distribution  also  will  be 
selected,  and  the  airfoil  type  and  camber  distribution 
defined.  The  significant  performance  parameters  and 
the  aerodynamic  loads  under  important  operating 
conditions  then  are  computed  for  use  in  the  me- 
chanical design  of  the  propeller. 

5-8.2  PROPELLER  SYSTEM  DYNAMICS 
5-3.2. 1 Vibratory  Loads 

The  structural  design  of  a propeller  is  determined 
primarily  by  its  aerodynamic  configuration  require- 
ments, and  by  the  structural  capacity  required  to  han- 
dle the  aerodynamic  loads.  Although  the  centrifugal 
and  steady  aerodynamic  loads  must  be  taken  into  ac- 
count, usually  it  is  the  vibratory  loads  that  dominate 
the  structural  design.  Basic  vibratory  loads  originate 
from  several  sources,  primarily  tbr  following: 

1.  Aerodynamic 

2.  Engine  (These  excitations,  which  generally  are 
experienced  with  piston  engines,  are  essentially  of  no 
significance  with  turbine  engines  and  arc  not  dis- 
cussed here.  The  subject  is  treated  briefly  in  Ref.  49.) 

3.  Gyroscopic  and  inertial 

4.  Stall  flutter. 

Vibratory  aerodynamic  blade  loeds  arc  a result  of 
the  propeller  operating  in  a nonuniform  flow  field, 
which  causes  the  aerodynamic  lift  on  each  blade  sec- 
tion to  vary  as  the  blade  rotates.  For  conventional 
aii  craft,  the  nonuniform  flow  field  is  primarily  an 
angular  inflow  into  the  propeller  disk  resulting  from 
the  attitude  of  the  aircraft,  which  varies  with  flight 
speed  and  gross  weight.  For  helicopters,  some  of  the 
factors  that  can  cause  propeller  flow  aberrations  in 
direction,  velocity,  and  density  are  listed  in  Fig.  5-33. 

For  normal  flight  operating  conditions,  the  non- 
uniform  propeller  flow  field  is  steady,  and  the  varia- 
tion in  aerodynamic  blade  forces  as  the  blade  rotates 
is  periodic.  The  blade  forces  at  each  azimuthal  and 
radial  position  may  be  calculated  by  standard  aero- 
dynamic techniques  such  as  arc  used  for  propeller 
performance  computation.  The  harmonic  compo- 
nents of  the  loading  may  be  evaluated  by  Fourier 
analyaia  of  the  periodic  loading.  These  harmonics  are 
the  P-order  aerodynamic  excitations  — IP,  2P,  3P, 
etc.  — where  P is  the  propeller  rotational  frequency. 
Although  all  of  these  excitations  cause  blade  stress, 
the  strongest  and  mr'.t  important  is  that  due  to  IP 
(roe  Fig.  5-34)  provided  the  dynamic  design  of  the 
propeller  system  is  handled  properly. 
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1.  fVSELAGE  5.  JET  EXHAUST 

2.  MA'NWING  6.  MAIN  ROTOR  SLIPSTREAM 

3.  HOHiZONTAL  STABILIZER  7.  ANTI  TORQUE  ROTOR- SLIPSTREAM 

4.  VERTICAL  STABILIZER  8.  MAIN  ROTOR  PYLON 


Figure  5-33.  Propeller  Flow  Field  for  Compound  Helicopters 
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F%«re  534.  Comparison  of  P-orde.  Excitations 

The  development  of  IP-blade  loads  from  angular 
inflow  is  depicted  in  Fig.  5-35,  where  blade  jfl  is  in 
the  retreating  position  relative  to  the  inflow  with 
reduced  angle  of  attack  and  relative  velocity  and 
blade  is  in  tf  t advancing  position,  with  increased 
angle  and  velocity.  This  figure  shows  that  although 
the  resulting  loads  on  the  blades  anti  propeller  shaft 
vary  at  a frequency  of  IP,  the  moment  and  side  force 
loads  on  the  airframe  are  always  in  the  same  direc- 
tion. These  airframe  loads  are  steady  if  there  are  three 
or  more  blades.  The  variation  in  lift  experienced  by  a 
blade  section  rotating  around  s propeller  centerline 
inclined  to  the  airflow  is  proportional  to  «be  product 
of  the  inflow  angle  A and  the  square  of  U:e  aircraft  in- 
dented airspeed  Vt,  i.c.,  IP-blade  excitation,  is  pro- 


V1 . FLIGHT  VB.OCITY 
m - ROTATIONAL  VELOCITY 
V,  - BLAOE  RELATIVE  VELOCITY 


Figure  5-35.  Propeller  IP  Loads  from  NonaxW  Inflow 

portional  to  AV,2.  The  dimensionless  excitation 
factot  EF  is  defined  as 

EF  " A (jtf ) • d'less  (5-13) 

where 

A - propeller  inflow  angle,  deg 

Vt  - indicated  airspeed,  kt 

An  alternative  expression  used  to  indicate  the  severity 
of  IP  aerodynamic  excitation  is  Aq.  The  relationship 
between  the  two  expressions  is 

Aq  = 4Q9EF  (5-84) 

where 

q ■ dynamic  pressure,  Ib/ft1 
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Figure  5-36.  IP  Excitation  Diagram  for  Typical  STOL  Aircraft 


\ Figure  5-37.  IP  Excitation  Diagram  for  Helicopter 
With  Puaher  Propeller 


In  a fixed-wing  aircraft,  the  effective  angular  in- 
flow into  the  propeller  is  a function  not  only  of  the 
aircraft  attitude,  but  also  of  the  wash  effects  of  the 
wings,  fuselage,  nacelles,  stores,  jets,  etc.  In  general, 
these  u.fiows  vary  approximately  as  the  square  of  the 
aircraft  velocity,  so  that  the  variation  of  the  blade  ex- 
citation EF  can  be  depicted  as  shown  in  Fig.  5-36  for 
a fixed-wing  STOL  aircraft.  Tht  ordinate  intercept  is 
determined  by  the  gross  weight  and  the  wing  area, 
and  the  slope  of  the  EF  line  is  a function  of  the  tilt  of 
the  propeller  axis  relative  to  the  wing  zero-lift  line. 
(As  indicated,  wing  flaps  shift  the  zero-lift  line  and 
therefore  the  slope  of  the  EF  line.)  It  is  customary  in 
aircraft  design  to  consider  the  IP  excitation  factor 
when  the  nacclSe  alignment  is  being  chosen.  With  an 
advantageous  nacelle  tilt,  the  excitation  factor  at  high 
speed  may  be  no  higher  than  at  low  speed.  For  a 
pusher  propeller  on  a helicopter,  the  EF  diagram  may 
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take  a form  luch  u ia  shown  in  Fig-  5-37.  In  this  cate, 
it  would  be  possible  to  reduce  the  IP  excitation  by 
tilting  the  propeller  axis  so  as  to  obtain  virtually  no 
angular  flow  into  the  propeller  over  the  entire 
operating  range  for  a given  load  factor  level.  The  or- 
dinate intercept  is  zero  because  the  propeller  is  not 
affected  by  the  wing,  a:  d the  main  rotor  is  the  lifting 
levies  at  low  speeds. 

Although  Figs.  5-36  and  5-37  — which  consider 
only  the  1 P excitation  caused  by  angular  inflow  in  the 
pilch  direction  — indicate  speeds  at  which  the  IP  ex- 
citations are  ’cro,  this,  in  fact,  seldom  occurs  because 
of  the  presence  of  yaw  washes  in  addition  to  the  pitch 
washes  considered  previously.  In  addition,  if  the 
mounting  of  the  propeller  is  flexible,  variation  in  the 
nacelle  alignment  must  be  included  in  the  propeller 
load  analysis  as  an  aeroelastic  effect. 

Once  the  aerodynamic  environment  at  the  propel- 
ler plane  has  been  defined,  the  aerodynamic  blade 
loads  can  be  calculated  for  various  azimuthal  and 
radial  positions  as  indicated.  However,  because  the 
blade  deflects  somewhat  in  the  presence  of  these 
loads  and  thereby  changes  its  angle  of  attack,  the  ac- 
tual loads  uic  slightly  different  from  ihose  for  a rigid 
blade.  The  computation  of  the  actual  loads  must  take 
into  account  the  derivative  of  blade  load  with  blade 
angle  changes. 

54.U  Critical  Speeds  and  Response 

The  response  of  the  propeller  blades  to  the  vibra- 
tory aerodynamic  excitation  loads  described  in  the 
preceding  paragraph  is  determined  by  the  structural 
and  dynamic  characteristics  of  the  propeller  system. 
The  response,  in  turn,  determines  the  stresses  in  the 
blades  and  the  loads  and  stresses  in  the  barrel,  pro- 
peller shaft,  and  the  aircraft  itself.  The  dynamic  char- 
acteristics of  the  propeller  are  described  best  by 
defining  its  critical  speeds  for  the  various  aerody- 
namic excitation  orders  i.e.,  the  rotational  speeds  at 
which  the  frequency  of  the  aerodynamic  excitation 
coincides  with  a natural  propeller  blade  frequency. 
The  relationship  of  P-order  excitation  and  propeller 
blade  frequency  commonly  is  shown  in  a critical 
speed  diagram  si  ;h  as  that  of  Fig.  5-38.  A»  propellet 
critical  speeds,  there  may  be  high  dynamic  magnifi- 
cation of  the  aerodynamic  loads.  Therefore,  the  pro- 
peller system  should  be  designed  so  that  the  lower, 
stronger,  critical  spends  do  not  fall  within  the 
operating  speed  range  of  the  propeller.  The  operating 
range  in  the  typical  diagram  of  Fig.  3-38  may  be  seen 
to  be  free  of  critical  speeds  up  to  8P. 

The  dynamic  characteristics  of  the  propeller  system 
depend  upon  the  number  of  blades  and  the  mode  of 
vibration  associated  with  the  aerodynamic  order  of 


excitation.  The  three  basic  modes  for  a four-biaded 
propeller  — whirl,  symmetrical,  and  reactionless  — 
are  illustrated  in  Fig.  5-39,  which  also  shows  how  the 
engine  can  participate  in  the  system  response.  For 
propellers  with  three  or  more  blades,  response  to  the 
1 P aerodynamic  excitation  docs  not  involve  the  na- 
celle or  the  aircraft,  because  the  resulting  loads  on  the 
aircraft  are  steady.  Hence,  a conventional  forced 
blade  response  (assuming  a fixed  hub)  can  be  used 
(Refs.  50  and  31).  Such  a program  must  include  the 
effects  of  the  blade  torsional  dynamics  and  blade 
retention  stiffness,  and  determines  not  only  the  IP- 
blade  loads  and  stresses,  but  also  the  resultant  steady 
loads  on  the  nacelle-aircraft  structure.  In  order  to 
avoid  IP-magnification,  the  blades  should  have  a 
high  first  mode  frequency  and  be  torsionally  stiff. 

For  four-bladed  propeller,  the  2P-,  6P-,  etc.,  aero- 
dynamic loads  excite  blade  modes  that  are  reaction- 
less  with  tespect  to  the  aircraft,  as  shown  in  Fig.  3-39. 
Thus,  the  dynamic  characteristics  and  response  of  the 
propeller  blades  to  these  excitations  do  not  involve 
the  nacelle-aircraft  system  and  can  be  analyzed  using 
the  same  analysis  as  used  for  the  lP-cxcitetions. 
However,  because  of  the  iow  damping  associated 
with  these  reactionless  modes,  it  is  important  to  place 
their  critical  speeds,  particularly  the  2P,  outside  of 
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Figure  Si38.  Propeller  Critical  Speed  Diagram 
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the  operating  speed  range  with  at  hut  a 10%  atughi. 

Became  the  values  of  critical  speed  charge  with 
blade  angle  due  to  the  blade  twist  and  centrifugal 
effects,  blade  angle  should  be  considered  in  the  evalu- 
ation of  reaptionkss  mode  critical  speed  relative  to 
the  operating  range.  Also,  the  effective  retention 
stiffness  differs  for  the  three  kinds  of  propeller  modes 
shown  in  Fig.  5-39  because  of  structure!  coupling 
within  the  hub  This  effect  must  be  included  in  dy- 
namic and  response  calculations  for  the  blade.  In 
general,  the  retention  sriSfois  is  lowest  for  the  re- 
actlonless  modes  and  highest  for  the  symmetrical 
modes. 

Propeller  aerodynamic  excitations  with  a frequen- 
cy order  of  one  greater  or  one  leas  than  integer  mul- 
tiple! of  the  number  of  propeller  blades  combine  at 
the  propeller  hub  to  produce  backward  or  forward 
whirl  modes  of  the  propeller,  respectively.  Because  of 
this  whirling  action  and  the  rotation  of  the  propeller, 
these  aerodynamic  excitations  appear  on  the  gear- 
box-aircraft system  as  rotating  shear  and  moment 
loads  at  frequencies  corresponding  to  multiplea  of  the 
number  of  blades.  For  example,  in  t three-bladod 
propeller,  excitations  at  frequencies  of  2P  and  4P  are 
fell  by  (he  gearbox  «u  a jr-whiri. 

This  interaction  of  the  propeller  dynamic  system 
with  the  aircraft  system  must  be  taken  into  account  in 
calculating  the  propeller  blade  whirl  mode  critical 
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Figure  5-39.  Propeller  V&nettec  Modes 


speeds.  This  can  be  done  by  a complete  coupled  ana- 
lysis of  a rotating,  flexible  propeller  attoebsd  to  a 
stationary  aircraft  dynamic  system.  It  also  cast  be  cal- 
culated by  first  determining  the  variation  with  fre- 
quency of  aircraft  system  whirl  impedance,  eg., 
angular  and  radial  deflection  of  the  propeller  shaft 
for  unit  shear  and  moment  whirl  loads,  and  then  in- 
cluding the  aircraft  impedances  in  the  propeller 
critical  speed  analysis. 

Aerodynamic  excitations  at  frequences  that  ere 
multiples  of  the  number  of  blades  excite  the  propel- 
ler in  a symmetrical  mode,  producing  vibratory  fore- 
and-aft  and  torque  loads  at  the  same  frequency  on 
the  gearbox-aircraft  system.  Just  as  with  the  whirl 
modes,  dynamic  characteristics  of  the  aircraft  and 
transmission  system  must  be  included  when  sym- 
metrical mode  propeller  critical  speeds  an  computed. 
Again,  this  can  be  done  with  a coupled  analysis,  or  by 
the  impedance  technique  discussed  previously. 

Because  the  torsional  impodance  of  a transmission 
system  usually  is  low,  symmetrical  blade  modes  that 
an  primarily  inplane  (putting  vibratory  torques  on 
the  shaft)  will  have  considerably  higher  critical  speeds 
than  would  be  calculated  for  a fixed  hub. 

Secsuse  of  the  csutri&gsl  stiffening  effect  and  the 
twist  of  the  blade,  propeller  critical  speeds  will  vary 
with  blade  angle.  This  effect  must  be  considered  in 
placing  the  critical  speeds  properly.  In  general,  it  is 
customary  to  place  the  lower  order  whirl  and  sym- 
metrical critical  speeds  at  least  5%  out  of  the  normal 
operating  range.  Less  margin  is  needed  for  these 
critical  speeds  than  for  the  reactionless  modes 
because  of  the  much  greater  damping  supplied  by 
structural  interaction  with  the  aircraft  system. 

Once  the  dynamic  characteristics  of  the  propeller 
system  have  been  determined,  the  magnitude  of  the 
response  to  the  various  propeller  aerodynamic  exci- 
tations can  be  determined.  For  modes  that  arc  being 
excited  well  below  their  critical  speeds,  a real-vari- 
able response  analysis  may  be  used  (ANC-9).  This 
always  is  possible  for  IP-aerodynamic  excitation  and 
sometimes  for  2P. 

System  response  of  the  higher  order  aerodynamic 
excitations  may  be  determined  by  an  energy  method, 
using  the  calculated  normal  modes  of  the  propeller 
and  assuming  die  structural  and  aerodynamic  damp- 
ing from  experience.  Another  method  it  to  use 
response  analysis,  such  si  given  in  Refs.  50  and  51, 
with  complex  variables  so  as  to  include  structural  and 
aerodynamic  damping.  The  former  (energy)  method 
usee  the  normal  modes  and  natural  frequencies  ob- 
tained from  dynamic  analysis  of  the  propeller  system, 
and  determines  the  tesponae  of  the  blade  to  a parti- 
cular aerodynamic  excitation  order  by  equating  the 
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energy  dissipated  through  damping  with  the  energy 
introduced  by  the  excitation.  Experience  shows  that 
the  effective  overall  damping,  aerodynamic  plus 
structural,  varies  with  the  type  of  vibration  mode, 
being  about  0.02  to  0.04  of  critical  for  reactionless 
modes,  and  about  0.04  to  0.06  for  whirl  and  sym- 
metrical modes. 

From  the  response  of  the  blades  to  the  various 
aerodynamic  excitations,  one  can  determine  the  blade 
stresses,  retention  and  shaft  loads,  and,  finally,  the 
loads  applied  to  the  gearbox  and  aircraft.  Certain  ex- 
citation orders  put  vibratory  torque,  but  not  vibra- 
tory bending  moment,  on  the  gearbox;  others  do  the 
opposite.  Also,  2P-cxcitation  on  a four-way  (four- 
blade)  propeller  puis  no  load  at  all  on  the  gearbox,  as 
this  is  a reactionlcss  mode,  i.e.,  all  the  loads  are 
reacted  within  the  hub. 

A propeller  must  have  the  structural  capacity  to 
withstand  the  combined  loading  from  its  response  to 
all  of  the  aerodynamic  excitation  orders  super- 
imposed. 

5-8.2 .3  Gusts  and  Maneuvers 

Gust*  and  maneuvers  can  have  significant  effects 
upon  propeller  vibratory  loads.  The  more  obvious 
effects  are  caused  by  changes  in  the  aerodynamic  flow 
fields  and  the  consequent  excitations  to  whic'  the 
blades  are  subjected.  Secondary  effects  are  the  result 
of  gyroscopic  motion  and  inertia  forces.  Because  the 
basic  frequency  of  the  vibratory  ioads  is  the  propel- 
ler rotational  speed,  many  stress  cycles  can  be  ac- 
cumulated on  the  propeller  during  a gust  or  maneu- 
ver. This  is  in  contrast  to  nonrotating  airframe  com- 
ponents, which  arc  subjected  to  only  one  major  load 
cycle  during  a gust  or  maneuver. 

A gust  can  have  velocity  components  in  three 
directions:  longitudinal,  lateral,  and  vertical.  The 
longitudinal,  or  fore-and-aft,  component  essentially 
is  parallel  to  the  flight  path  of  the  aircraft,  and,  there- 
fore, subjects  the  propeller  and  airframe  to  a change 
in  dynamic  pressure.  The  steady  torque  and  thrust  on 
the  blades  change  with  a suddenness  that  depends 
upon  the  rise  time  of  the  gust.  These  changes  in  load 
can  be  relatively  high  for  the  large  propellers  used  in 
V/STOL  aircraft  because  the  blades  of  these  propel- 
lers are  operated  at  relatively  low  angles  of  attack. 
The  change  in  dynamic  pressure  also  has  a direct 
effect  on  the  IP  excitation  factor,  and  the  IP-stresses 
are  affected  accordingly.  A longitudinal  gust  changes 
the  lift  on  the  aircraft,  thus  imparting  vertical  accel- 
erations and  changing  the  wing  circulation,  which,  in 
turn,  has  an  effect  on  the  flow'  field. 

The  lateral  component  of  a gust  can  be  treated  as  a 
change  in  yaw  inflow  to  the  propeller.  The  yaw  inflow 
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is  added  vectorially  at  right  angles  to  the  normally 
considered  pitch  inflow.  Hence,  the  total  lP-inflow 
angle  is  affected.  Likewise,  the  dynamic  pressure  is 
changed  by  the  cross-flow  component,  but  for  the 
same  gust  velocity  the  wing  lift  is  affected  less  by  a 
lateral  gust  than  by  a longitudinal  or  vertical  gust. 

Vertical  gusts  have  direct  effects  upon  the  pitch 
component  of  the  inflow  angle,  the  dynamic  pressure, 
and  the  wing  lift.  Each  of  these  factors  influences  the 
flow  field  and,  consequently,  the  excitations  and 
loads.  As  in  the  case  of  a lateral  gust,  the  vertical 
component  is  added  vectorially  to  the  forward  air- 
speed. This  changes  the  magnitude  and  direction  of 
the  velocity  inflow. 

The  current  method  for  determining  propeller  vi- 
bratory loads  during  gusts  uses  a quasi-stcady-statc 
analysis  to  evaluate  the  flow  field  and  aerodynamic 
excitations.  Although  the  propeller  speed  and  blade 
angle  may  change,  depending  upon  the  rise  time  of 
the  gust,  it  is  expedient  and  conservative  to  assume  a 
step  change  in  the  inflow  to  the  propeller.  In  other 
words,  the  propeller  is  assumed  to  be  placed  suddenly 
in  a different  aerodynamic  environment  without  any 
change  in  blade  angle  or  propeller  rotational  speed, 
and  the  propeller  loads  and  responses  are  determined 
in  the  manner  discussed  in  the  preceding  paragraphs. 

Propeller  vibratory  loads  incurred  during  maneu 
vers  are  determined  by  using  essentially  the  same  pro- 
cedures as  for  gusts,  with  the  exception  that  the  ma- 
neuvers analyzed  generally  arc  limited  to  those  in- 
volving vertical  load  factors. 

Aircraft  design  specifications  (MIL-A-8860  series) 
do  not  include  the  time  duration  of  each  maneuver 
nor  a breakdown  of  the  maneuvers  as  functions  of 
airspeed.  The  maneuver  spectrum  (see  par.  4-11, 
AMCP  706-201)  must  be  available  to  the  propeller 
designer  so  ihai  he  can  a*-*’---  ‘mi  the  fatigue  lives  of 
the  propeller  component.  «n»  be  satisfactory. 

In  the  design  analysis,  blade  vibratory  loads  for 
maneuvers  involving  vertical  load  factors  are  calcu- 
lated using  the  procedures  given  in  the  preceding 
paragraphs  and  considering  that  the  effective  gross 
weight  of  the  vehicle  is  its  actual  gross  weight  mul- 
tiplied by  the  vertical  load  factor. 

Maneuvers  influence  blade  vibratory  loads  not 
only  by  changing  the  aciodvnamic  How  fields  but 
also  by  the  resulting  effects  of  gyroscopic  motion  and 
inertia  forces  In  a pullout  or  pushover  maneuver,  the 
angular  velocity  of  precession  0,  is  equal  to 

(n7  - l)g 

ill  = — . rad/sec  (5-15) 

where 

nz  * load  fac'or,  dimensionless 

V * flight  speed,  fps 
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The  resulting  blade  loads  can  be  calculated  using  a 
procedure  like  that  used  for  calculating  the  response 
due  to  IP-aerodynamic  excitation.  For  this  analysis 
the  load  is  a function  of  the  mass  distribution  of  the 
blade  and  is  applied  perpendicular  to  the  plane  of  the 
propeller  (out-of-plane).  Like  1 P aerodynamic  exci- 
tation, gyroscopic  motion  induces  a lP-moment  on 
ihe  propeller  shaft,  which,  for  blades  having  three  or 
more  blades,  exerts  a steady  bending  moment  M on 
the  aircraft  as  expressed  in 

M = ,fi-lb  (5-16) 

where 

1P  * propeller  mass,  mass  moment  of  inertia, 
slug-fV 

<•>  = propeller  speed,  rad/sec 

Inertia  loads  result  from  the  vertical  load  factor 
applied  to  the  propeller.  As  in  the  gyroscopic  analy- 
sis, the  load  is  a function  of  the  mass  distribution  of 
the  blad..,  but  in  this  case  it  is  applied  inplane.  The  I P 
shear  force  F oil  the  shaft  i$  simply 

F^n/Wp,  lb  (5-|7) 

where 

wp  *=  weight  of  the  propeller  biades  and  hub,  lb 

There  may  be  other  special  occasions  where  loads 
due  to  maneuvers  should  be  considered.  For  instance, 
a tail  propeller  of  a helicopter  may  be  subjected  to 
large  precession  rates  in  yaw  while  hovering. 

S-8.2.4  Stall  Rutter 

Propeller  blades  must  be  designed  not  only  to  han- 
dle the  applied  aerodynamic  excitation  loads  and  to 
have  the  appropriate  dynamic  characteristics,  as  dis- 
cussed in  the  preceding  paragraph,  but  they  also  must 
be  designed  to  be  free  of  flutter.  Classical  bending- 
torsion  flutter  is  not  oi  concern  because  of  the  large 
separation  between  the  fundamental  bending  and  tor- 
sional frequencies  of  propeller  blades  (Ref.  52).  How- 
ever, stall  flutter  is  a major  concern  because  of  its  po- 
tentially destructive  torsional  vibration.  There  are 
two  apparent  causes  of  high  torsional , blade  vibra- 
tion: aerodynamic  hysteresis  and  Harman  vortices 
(Ref.  53).  Aerodynamic  hysteresis  can  cause  diver- 
gent, self-excited  torsional  vibration  and  is,  therefore, 
true  flutter.  The  Harman  vortex  excitation,  however, 
is  not  true  flutter  but  a forced  excitation.  It  neverthe- 
less is  similar  to  hysteresis  stall  flutter  and  can  caur* 
large  amplitudes  of  structural  response  and  possible 
failure. 

Torsional  dynamic  divergence  due  to  stall  flutter 
occurs  because  of  the  phase  lag  in  the  aerodynamic 


circulation  variation  with  airfoil  torsional  motion. 
Because  the  vortex  formation  must  travel  to  infinity 
before  full  circulation  develops,  the  airfoil  angular 
motion  tends  to  lead  the  aerodynamic  change  in  mo- 
ment about  the  elastic  axis.  When  the  airfoil  motion 
and  phase  lag  combine  appropriately,  aerodynamic 
energy  is  fed  into  the  structural  system  and  self- 
excited  divergent  torsional  blade  oscillation  occurs  at 
the  fundamental  torsional  frequency  of  the  blade. 

Although  methods  have  been  developed  for 
analytically  predicting  stall  flutter  (Ref.  54),  experi- 
ence shows  that  a general  understanding  of  stall 
flutter  and  empirical  relationships  usually  is  suffi- 
cient to  evaluate  whether  a given  blade  design  will  be 
subject  to  this  phenomenon.  Tests  and  analyses  have 
shown  that  stall  flutter  is  dependent  primarily  upon 
three  factors:  the  reduced  frequency,  the  blade  angle, 
and  the  airfoil  Mach  number  (Ref.  55).  The  effects  of 
Mach  number  can  be  combined  with  the  reduced 
frequency  to  give  the  stall  flutter  parameter  SFP. 

SFP  * , d'less  (5-18) 

where 

w = natural  torsional  frequency, ‘ad/sec 
M * local  Mach  number,  dimensionless 
bs  ■ blade  semichord,  ft 

a ■=  speed  of  sound,  fps 

When  full-scale  and  model  blade  stall  flutter  test 
results  for  many  propellers  under  static  conditions 
are  combined  in  a plot  of  SFP  versus  blade  angle, 
points  indicating  the  onset  of  flutter  form  a general 
trend,  as  shown  in  Fig.  5-40.  1 he  envelope  of  these 
flutter  points  may  be  used  as  a design  basis.  Although 
Ref.  55  shows  that  a blade  whose  SFP  is  greater  than 
1 .0  will  not  flutter  regardless  of  blade  angle  or  power. 
Fig.  5-40  shows  that,  for  low  blade  angles,  a blade 
may  have  an  SFP  of  less  than  10  without  being 
susceptible  to  stall  flutter. 

Because  the  design  line  in  Fig.  5-40  is  drawn 
without  regard  to  such  secondary  effects  as  camber, 
thickness,  ptanform,  sweep,  and  center  of  twist,  it  is, 
in  general,  conservative;  i.e.,  although  the  SFP  of  a 
blade  lies  under  the  curve,  the  blade  will  not 
necessarily  flutter.  In  general,  increasing  the  camber 
and  thickness  and  shifting  the  center  of  twist  forward 
will  increase  the  blade  angle  at  which  flutter  occurs. 
The  effects  of  planform  and  sweep  are  more  difficult 
to  assess,  because  the  stability  of  the  blade  involves 
Ihe  integrated  effects  over  the  entire  blade.  Thus, 
although  some  blade  sections  are  stalled,  the  blade 
itself  will  be  stable  unless  the  integrated  energy  fed 
into  the  blade  is  greater  than  the  structural  damping 
present. 
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figure  5-40.  Stull  Flutter  Design  Chart 
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Figure  5-41.  Airfoil  Characteristics  and  Stall  Flutter 

A blade  also  may  be  evaluated  for  stall  flutter  by 
analysis  of  the  characteristics  of  the  moment  coeffi- 
cient CM  of  the  airfoil.  As  shown  in  Fig.  5-41,  the 
onset  of  stall  flutter  usually  occurs  when  the  airfoil  i3 
operating  near  the  peak  of  the  CM  curve  with  respect 
to  the  torsional  elastic  axis,  and  not  the  lift  coeffi- 
cient CL  curve.  Thus,  stall  flutter  occurs  only  at  high 
thrusting  or  blade  load  conditions  — both  forward 
and  reverse.  Because,  for  a given  blade  angle,  airfoil 
camber  increases  the  thrust  or  CL  without  changing 


CM,  increasing  the  airfoil  camber  is  one  way  of  in- 
creasing the  forward  thrust  or  power  at  which  a blade 
will  be  subject  to  stall  flutter.  However,  in  all  cases,  if 
the  SFP  is  greater  than  1.0,  the  blade  will  not  be 
susceptible  to  true  stall  flutter  regardless  of  blade 
angle  or  loading. 

The  other  possible  cause  of  high  torsional  blade 
response,  and  also  bending  response,  is  Karman  vor- 
tex excitation.  When  the  vortex  excitation  frequency, 
which  is  proportional  to  (aM  -/T  KV  ) fb3  coincides 
with  the  torsional  or  bending  natural  frequency  of  the 
blade,  significant  blade  response  may  result.  The 
frequency  expression  is  the  reciprocal  of  the  SFP 
divided  by  the  torsional  frequency,  i.e.,  (SFP/w,)-'. 
Although  the  coincidence  of  the  natural  blade  tor- 
sional or  bending  frequencies  with  the  Karman 
vortex  excitation  frequency  can  result  in  significant 
blade  response,  particularly  at  very  high  blade  angler 
of  attAck  or  blade  stall,  the  response  is  not  divergent. 
This  type  of  response  can  be  experienced  at  high 
blade  angles  even  by  blades  whose  SFP  is  greater 
than  1.0. 


Annp;ent  from  this  discussion  is  the  desirability  of 

designing  propeller  blades  with  high  torsional 
frequencies  so  that  their  SFP  is  greater  than  1.0.  If 
this  is  done,  divergent  stall  flutter  is  avoided.  Also, 
the  higher  the  SFP,  the  less  likelihood  that  Karman 
vortex  excitations  will  be  a problem  at  very  high 
blade  loads.  In  general,  solid  propeller  blade  con- 
struction, e.g.,  using  aluminum,  gives  relatively  low 
torsional  natural  frequencies  and  SFP  values  below 
1 .0,  so  care  must  be  exercised  that  these  blades  arc 
not  operated  in  the  stall  flutter  zone  of  Fig.  5-46. 
Although  composite  monocoque  blade  construction 
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struction,  it  frequently  gives  SFP  values  below  1 .0.  In 
general,  propeller  blades  consisting  of  a structural 
spar  and  a thin  composite  airfoil  shell  have  SFP 
values  of  much  greater  than  1.0  and  are  not  suscepti- 
ble to  stall  flutter. 
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$4.2.5  Propeller  Roughness 
A propeller  can  apply  loads  to  the  aircraft  with 
resulting  vibration  or  roughness  that  is  unacceptable 
to  the  aircraft  structure  or  the  occupants.  These  vi- 
bratory excitations  stem  primarily  from  two  sources: 
excessive  umss  and  aerodynamic  unbalance  of  the 
propeller,  and  an  undesirable  combination  of  non- 
uniform  flow  field  ana  propeller  dynamic  character- 
istics. The  former  shakes  the  aircraft  at  a frequency 
order  of  I P,  whereas  the  latter  shakes  the  aircraft  at 
frequencies  that  are  multiples  of  the  number  of  the 
blades  — e.g.,  4P,  8P  for  a four-bladed  propeller. 
Through  proper  design,  manufacture,  and  assembly 
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of  the  propeller,  the  detrimental  effects  ef  propeller 
roughness  can  be  minimized.  The  importance  of  pro- 
peller balance  and  higher  order  excitation  to  aircraft 
roughness  is  dependent  upon  the  propeller  mount 
design  and  its  integration  with  the  overall  aircraft  dy- 
namic system,  which  determines  the  damping  and 
transmissibilky  of  these  excitation  loads  to  the  air- 
frame. 

5-8.3  PROPELLER  HUBS,  ACTUATORS,  AND 
CONTROLS 

The  design  methods  described  in  this  paragraph 
relate  primarily  to  the  propellers  of  one  manufac- 
turer. In  these  propellers,  pitch  change  actuation  is 
hydraulic,  but  many  ot  the  design  aspects  apply  to 
almost  any  configuration.  The  discussion  is  limited  in 
scope  inasmuch  as  propefer  design,  development, 
and  manufacture  usually  are  performed  under  sub- 
contract, or  under  separate  prime  contract,  and  pro- 
vided as  Government-furnished  equipment  (GFE) 

5-8.3. 1 Propeller  Barret  and  Blad*.  Retentions 
The  shape  of  the  propeller  bat  re!  is  determined  by 
the  biauu.  A split,  or  twiy-piai,  barrel  is  :iscd  for 
) high  power  p^opd'ers  with  solid  aluminum  blades;  a 
onc-piccc  barrel  with  a single  integral  blade  retention 
race  is  used  for  low  power  propellers  with  solid  alu- 
minum blades;  a one-piece  band  with  multiple  inte- 
gral rates  is  used  for  propeKtiS  whose  blades  are 
made  with  a steel  core  and  a Fibcrglas  shell.  The  last 
type  generally  is  used  <or  helicopter  installation  and  is 
the  type  that  is  discussed. 

The  barrel  assembly  consists  of  the  barrel,  binds 
retention  balls,  seals,  and  clamps.  1 he  barrel  itself  is  a 
one-piece,  vacuum-meUtd  steel  forging  bcorposa- 
ting  the  be, ring  race  lor  blade  retention.  The  u»ii- 
sl.aft  of  i he  Darrel  extends  into  the  gearcasc  and  is 
driven  directly  through  a spliced  joint.  The  tailshaft 
ir  supported  ert  two  radial  roilsi  bearings  — front 
and  rear  — so  that  propeller  momen’s  arc,  reacted 
directly  into  the  gearcusc  iiousing.  Propeller  thrust 
loads  arc  reacted  through  an  angular  contact  bearing 
at  the  front  of  the  tailshaft. 

5-83.1.1  Band  Loading 
The  following  loads  are  considered  when  designing 
a propeller  barrel: 

1.  Centrifugal  force.  Blade  centrifugal  force  is 
transmitted  to  the  retention,  barrel  arm,  and  tront 
and  rear  rings,  where  it  is  reacted  elastically  within 
the  barrel.  For  purposes  of  analysis,  the  bane!  is  con- 
sidered to  contain  a front  and  a rear  structural  ring. 

2.  Steady  bending  moment.  Steady  bending  mo- 
ment is  due  to  aerodynamic  loading  on  the  blade,  or 
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to  the  blade  being  offset  from  a radial  line.  Toe  mo- 
ment is  transmitted  from  the  blade  to  the  retention, 
to  the  barrel  arm,  to  the  front  and  rear  rings,  and  into 
the  tailshaft.  The  inplar.c  component  is  reacted  by  the 
spiincd  joint,  and  the  out-of-plai.c  component  is 
reacted  elastically  within  the  barrel. 

3.  Propeller  thrust.  Thrust  is  transmitted  from 
the  blade  to  the  retention,  to  the  blade  arm,  to  the 
front  and  rear  rings,  and  to  the  tailshaft  where  it  is 
reacted  by  the  tailshaft  thrust  bearing. 

4.  Propeller  torque.  Torque  is  transmitted  from 
the  blade  through  the  retention  to  the  blade  arms  and 
into  the  tailshaft,  where  it  is  reacted  through  the  drive 
spline. 

5.  1 P-aerod> natnic  bending  moment.  The  inplane 
component  of  )P-vibratory  loading  is  transmitted 
from  the  blade  to  the  retention,  to  the  barrel  arm,  and 
into  the  front  and  rear  rings.  There,  because  of  the 
unsymmetrical  load  phasing  among  the  blades,  it  is 
reacted  elastically  within  the  barrel.  Tne  out-of-plane 
component  contributes  to  a combined  bending  mo- 
ment on  the  tail  shaft,  reacted  by  front  end  real  radial 
bearings. 

b.  1 ('-aerodynamic  side  force.  This  fore*  is  trans-  | 

milted  like  1 P out-of-plane  moment  end  is  reacted  by  j 

the  tailshaft  radial  bearings.  j 

7.  Highei-ordcr  vibratory  loads.  Moments  and  I 

forces  at  higher  orders  (2E\  3P,  4P,  etc.)  combine  in 
various  patterns  depending  upon  the  load  phasing 
among  the  bl-'dcs.  Accoiding  to  their  patterns,  these 

loads  may  be  leaded  elastically  within  the  bsrre)  or 
transmitted  to  the  tailshaft  bearings  cr.d  :esc«ed  as  a 
bending  moment  or  a fore-m.d-aft  or  side  force.  They 
also  combine  in  a vibrator;/  torque. 

8.  Gyroscopic  moment.  Bending  moment  from 

gyroscopic  action  affects  the  barrel  like  IP-aerody- 
namic moment.  j 

9.  Propeller  effective  weight.  The  ride  force  from 
propeller  weight,  multiplied  by  the  aircraft  vertical 
load  factor,  affects  the  barrel  like  lP-areodyriamic 
side  force. 

10.  Bearing  prcssi.t  loads.  The  tailshaft  bearings 
are  pressfd  onto  the  laslshcft  and  impose  a compres- 
sive load  locally. 

11.  Axial  preload.  Tensile  load  is  imposed  on  the 
tailshaft  by  axial  prelouding  of  the  shaft  bearing 
against  a shaft  shouldet. 

12.  Blade  t’vk  ting  moment.  A combination  oi  cen- 
trifugal, frictional,  and  aerodynamic  effects,  pro- 
duces a twisting  moment  around  the  blade  pitch 
change  axis.  This  is  transferred  indirectly  to  the 
barrel  as  a couple  between  the  blade  retention  and  the 
pitch  change  actuator. 
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54J.U  Leading  Deffatltian 

In  designing  the  barrel  for  a specific  configura- 
tion, the  varioui  loads  described  in  the  preceding 
paragraph  most  be  defined  for  the  applicable  aircraft 
mission  profile.  Loadings  involved  in  demonstration 
and  qualification  tests  also  must  be  ’onsiccrect. 
Applicable  specifications  shall  be  defined  by  the  pro- 
peller procurement  specification. 

From  the  analysis  of  propeller  design  parameters 
and  dynamics,  a summary  of  significant  loads  is 
prepared  for  selected  conditions.  These  loads  are  the 
basis  for  the  structural  analysis  of  tbc  barrel. 

5-0. 1J  Bane!  Structural  Teste 

After  the  barrel  has  been  manufactured,  the 
stresses  at  critical  locations  are  measured  under 
various  load  conditions  to  assure  structural  integrity. 
The  barrel  is  strain-gaged,  and  mi  experimental  stress 
analysis  is  performed  with  axial  loads  applied  to 
simulate  centrifugal  loads  and  bending  moments, 
both  static  and  vibratory. 

An  assembly  with  cytinderic&l  test  bars  instead  of 

s.  ’—it.  »^s..Mi 
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frequency,  so  that  the  retention  spring  rate  can  be 
deduced.  This  is  compared  with  the  calculated  values. 

The  barrel  abo  is  fatigue  tested  to  determine  its  ac- 
tual margin  of  safety  under  the  design,  loads. 

5-8JJ  Ptro^id9ttr  ActMtfare  mad  Ceahrab 

Propeller  pitch  chrngc  actuators  and  control 
systems  adjust  and  rani  stain  blade  angle  according  to 
one  of  several  control  modes,  as  required  by  aircraft 
and  engine  operating  conditions.  One  control  mode 
commonly  used  is  oonsUnt-spoed  governing,  in 
whrch  « selected  propehcr  rotational  speed  is  belli 
camion!  by  a governor  that  raises  or  towers  blade 
angle  in  re%WH»r.  to  changes  in  forward  speed  or 
applied  power.  This  is  the  control  mode  used  tlmoet 
universally  ic  flight  operation  of  conventional  air- 
craft, wberj  it  allow*  tbc  pikw  to  select  the  most  effi- 
cient ccrabioation  of  propeller  and  engine  operating 
conditions.  Tbc  other  common  control  mode  is  bets 
control,  in  which  the  control  tcu  a selected  blade 
angle  d.  in  response  to  direct  pilot  control  cr  to  the 
output  of  a coordinated  engine  or  aircraft  flight  con- 
trol system.  Beta  control  o.ten  is  used  for  propeller 
reversal  during  landiug,  in  low-thrust  ground  opera- 
tion. and  for  propellers  toed  as  primary  aircraft  flight 
controls,  such  as  in  VTOL  aircraft.  Many  propellers 
have  a combination  control  system  that  uses  either 
constant-speed  governing  or  beta  control  as  requited. 

The  pi-cb  control  system  has  two  basic  com- 
ponents; the  control  and  the  actuator.  The  control 
receives  ugitalt  from  the  pilot  or  another  control 


system  or  from  the  propeller  itself,  and  transmits  a 
signal  to  the  actuator  to  change  blade  angle  as 
necessary.  The  actuator  converts  this  signal  into  a 
mechanical  action  to  move  and  maintain  the  blade 
angle. 

S-8JJ.1  Central  Graflguratkms 

Several  arrangements  are  used  for  control  compo- 
nents. In  one  common  configuration,  the  control 
assembly  ir  nonrotating  and  mounted  near  the  pro- 
peller on  the  gearcase  or  surrounding  the  barrel  tail- 
shaft.  The  output  of  the  control  is  a hydraulic  flow 
that  is  transferred  to  the  pitch  change  actuator  in  the 
barrel  assembly  through  transfer  bearings.  The  rate 
of  flow  controls  the  rate  of  blade  angle  motion.  In 
another  configuration,  the  stationary  portions  of  the 
control  produce  a mechanical  signal  directly  related 
to  the  desired  blade  angle.  This  signal  is  transferred 
to  the  barrel  assembly  through  a mechanical  bearing 
or  a differential  gear  train,  and  the  rotating  assembly 
contains  the  hydraulic  valves  and  pumps  required  to 
drive  the  pitch  change  actuator. 

5di.l.l  Cuastcnfapced  Governor* 

The  input  to  a constant-speed  governor  is  e signal 
calling  for  a desired  propeller  speed.  This  signal  may 
com*'  directly  from  the  pilot  or  from  another  control 
system,  such  as  a synchronize!  or  a coordinated 
power  management  control.  The  desired  speed  is 
compared  with  the  actual  speed  by  a device  such  as  a 
speed-set  spring  balanced  against  a set  of  rotating  fly- 
weights driven  by  the  propeller  or  engine.  If  an  ofT- 
speed  condition  occurs,  tbc  device  puts  out  an  error 
signal,  commonly  in  the  form  of  a pilot  valve  dis- 
placement. Tbc  valve  displacement,  in  turn,  meters 
oil  to  the  pitch  change  actuator,  raising  or  lowering 
the  blade  angle  to  slow  down  or  speed  up  the  pro- 
peller to  correct  the  off-speed. 

In  forward-thrust  operation,  blade  twisting  mo- 
ment always  is  toward  low  pitch,  and  tbc  actuator 
loads  always  are  in  one  direction.  The  governor,  then, 
itseos  to  metet  high-pressure  oil  only  to  one  side  of 
the  actuator  piston  to  raise  the  blade  angle;  letting  oil 
drain  back  to  the  sump  permit*  the  twisting  moment 
to  lower  the  blade  angle.  A governor  with  only  this 
function  is  called  a single-acting  governor. 

A double-acting  governor  can  direct  high-pressure 
oil  to  cither  aide  of  the  actuator  piston.  This  capa- 
bility is  required  if  the  blades  are  to  be  controlled  in 
reverse  thrust  operation  or  to  be  unfeathered. 

In  many  constant-speed  governors,  the  pilot  valve 
positioned  by  the  speed-sensing  device  raziere  ac- 
tuator oil  flow  directly.  For  some  designs,  however, 
large  oil  flows  are  required  and  use  of  a simple  pitot 
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valve  would  cauie  large  hydraulic  forces.  Speed 
sensing-accuracy  will  be  affected  adversely  unless 
correspondingly  large  speed-set  spring  and  flyweight 
forces  are  used.  To  avoid  the  weight  and  size  of  such 
a design,  a servo-type  governor  may  be  used.  In  this 
design,  the  speed-sensing  device  positions  a small 
pilot  valve  that  controls  only  the  flow  to  a servo 
piston,  which,  in  turn,  positions  a servo  valve  that 
meters  the  main  oil  flow.  Because  the  pilot  valve  is 
isolated  from  strong  hydraulic  forces,  it  and  the 
speed-sensor  can  be  made  light  and  sensitive. 

54UJ.U  Beta  Coutrol 
With  beta  control,  the  input  to  the  propeller  con- 
trol is  a signal  calling  for  a desired  blade  angle.  In  re- 
cent configurations,  the  signal  is  transferred  me- 
chanically to  the  rotating  components,  where  it 
positions  a distributor  valve  spool.  The  sleeve  of  this 
valve  is  positioned  mechanically  as  a function  of 
blade  angle  and,  if  there  is  a disparity  between  desired 
and  actual  blade  angle,  the  distributor  valve  directs 
high-pressure  oil  to  the  app.upnatc  side  of  the  pitch 
change  actuator.  When  the  blades  change  pitch,  the 
valve  sleeve  moves  as  well,  until  the  desired  blade 
angle  is  reached  and  the  vaivc  is  closed. 

5-83.2.2  Hydraulic  System 
Some  propeller  control  systems  use  engine  or  gear- 
case  lubricating  oil,  boosted  in  pressure  by  an  extra 
pump,  or  oil  from  the  aircraft  hydraulic  system.  To 
minimize  contamination  and  improve  reliability. 


other  propeller  designs  incorporate  an  independent 
hydraulic  system.  The  complete  hydraulic  system 
contains  the  following  basic  components:  a sump,  a 
pump,  a filter  with  a bypass  vtlve,  a relief  valve,  the 
control  valve,  and  the  pitch  change  actuator.  Sche- 
matically, the  actuator  is  a linear  hydraulic  piston 
with  a mechanical  device  to  convert  the  linear  piston 
motion  to  rotary  motion  of  the  blade.  The  maximum 
operating  pressure  (relief  valve  setting)  may  be  1200 
psi  for  a simple  system  or  up  to  3000  psi  for  a system 
where  weight  is  critical. 

A schematic  diagram  of  the  complete  control  and 
hydraulic  system  for  a double-acting  governor  is 
shown  in  Fig.  5-42. 

5-83.23  Auxiliary  Functions 

In  addition  to  constant-speed  governing  and  beta 
control,  some  propellers  provide  various  auxiliary 
functions.  Two  of  these  — feathering  and  pitch  lock 
— are  safety  items. 

Propellers  arc  feathered  by  turning  their  blades  to  a 
90-deg  blade  angle  — i.e.,  edgewise  to  the  relative 
wind  — in  order  to  bring  a disabled  propeller  or 
engine  to  a stop  foi  minimum  ding. 

The  pitch  lock  acts  to  prevent  further  decrease  in 
pitch  travel  when  normal  blade  angle  control  is  lost 
or  9 preset  maximum  rotational  speed  is  exceeded. 
Without  this  feature,  a loss  of  hydraulic  pressure 
could  allow  the  blades  to  drop  to  low  pitch  in  flight, 
causing  a dangerous  windmilling  overspeed. 
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S-t.3.3.4  CoatreJ  Perfot  maste 

A propeller  control,  in  combination  with  the 
engine  control,  mint  set  and  m&intmu  the  optmting 
conditions  directed  by  the  pilot.  It  mutt  respond 
quickly  and  accurately  to  pilot  commands  and  be  un- 
affected by  undesirable  disturbances.  Control  per- 
formance is  summarized  in  throe  parameters:  ac- 
curacy, stability,  and  transient  response.  In  order  to 
define  thea  characteristic*,  it  is  necessary  to  study 
the  behavior  o the  entire  propulsion  system  over  its 
complete  operating  range,  using  various  analytical 
techniques. 

The  overall  transient  performance  of  an  aircraft 
propulsion  system  generally  is  analyzed  by  using  a 
nonlinear  dynamic  simulfition  of  the  overall  system. 
This  involves  detailed  nonlinear  dynamic  equations 
for  the  engine  and  the  engine  control,  as  well  as  for 
the  propeller  control.  This  simulator)  requires  input* 
that  define  the  ambient  condilioii.  surrounding  the 
engine  and  propeller  — such  as  pressure,  temper  a- 
ture,  and  flight  speed  — and  the  pilot-initiated  inputs 
that  specify  the  desired  operating  point.  This  type  of 
program  provides  estimates  of  thrust,  propeller 
speed,  engine  speed,  fuel  flow,  and  many  other  vari- 
ables as  a function  of  time  for  various  types  of  pilot 
command  signals  or  external  disturbances. 

Fig.  3-43  shows  a simplified  block  diagram  of  a 
turboprop  propulsion  system  and  indicates  some  of 
the  typical  input  parameters  to  the  engine  and  pro- 
peller controls.  Each  of  the  blocks  contains  a matrix 
of  nonlinear  differential  equations  that  are  used  to 
define  the  steady-state  and  transient  behavior  of  that 
component. 

A simpler  analysis,  providing  a good  insight  into 
the  basic  control  rcqui;  cmoiitr,  can  be  made  by  line- 
arizing the  important  -/stem  parameters  at  various 
discrete  operating  conditions  and  examining  the 
system  behavior  for  small  disturbances  around  these 
operating  points.  This  permits  the  application  of 
classical  servomechanism  theory  to  the  design  of  the 
control  system. 

Fig.  5-44  shows  a typtcj  linearized  block  diagram 
for  constant-speed  com/oi  of  a lurtrinc-drivga  pro- 
peller system.  This  integral  control  system  will  move 
the  blade  angle  until  the  speed  >»t:  t goes  to  aero,  thus 
assuring  that  sensed  speed  is  equal  to  desired  speed 
under  steady-state  conditio  -;.  The  governor  shown 
in  Fig,  5-42  it  such  a consul. 

Whenever  rapid  transient  response  is  important, 
the  control  designer  may  provide  Scad  compensation 
to  improve  the  speed  of  response  and  iht  stability 
characteristics  of  the  system.  Thin  lead  characteristic 
compensates  for  the  kg  fir,-.,  constant  between  Wade 
angle  change  and  speed  change.  In  effect,  it  provide* 
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iJ>  anticipatory  signal  hi  control  that  bdpc  to  mini- 
m_e  overshoots  and  piovides  good  system  stability. 

5-8J.2A  Central  ReUsMity 

Because  control  malfunctions  can  cause  serious 
trouble,  reliability  is  a vita!  part  of  propeller  control 
design.  There  are  two  different  philosophies  involved 
in  design  for  reliability:  safe-life  and  fail-safe. 

The  safe-life  theory  requires  that  the  probability  of 
a catastrophic  malfunction  be  exceedingly  remote. 
The  design  mas-:  have  n sufficient  margin  of  safety  for 
all  operating  conditions,  both  normal  and  abnormal. 
Proof  that  a system  enjoys  this  level  of  reliability 
requires  extensive  testing  and  thorough  analysis  of 
service  experience. 

The  second  method,  fail-safe,  requires  that  no 
reasonably  probable  single  malfunction  be  allowed  to 
cause  unsatisfactory  operation.  The  design  must  in- 
clude safety  devices  and  redundant  components  in 
order  to  tolerate  single  failures.  Some  propellers  have 
dual  hydraulic  systems,  both  controls  and  actuators, 
to  provide  fail-safety.  This  is  the  caw  especially  for 
propeller*  used  for  primary  aircraft  control  as  well  as 
for  propulsion. 

An  important  part  of  design  for  reliability  » the 
Failure  Mode  and  Effect  Analysis  (FMEA).  Such  an 
analysis  will  help  to  reveal  areas  needing  better  safety 
features.  It  also  will  provide  an  unproven  under- 
standing of  possible  malfunctions  so  that  their  con- 
sequences ou  aircraft  operation  can  be  appraised 
jointly  by  the  airframe  designer  and  the  propeller 
manufacturer. 

5-8.4  PROPELLER  BLADES 
5-8.4. 1 Made  Cemetery 

As  explained  in  per  5-B.i,  the  aerodynamic  size  of 
a propeller  is  chosen  initially  with  the  help  of  para- 
metric performance  i -udses  in  which  the  trends  of 
performance  and  weight  are  evaluated  for  various 
combinations  of  characteristics.  For  the  pinjnctric 
studies,  a number  of  important  but  secondary  aero- 
dynamic design  dewik  are  assumed  to  be  in  a “stan- 
dard" condition,  to  be  evaluated  later. 

For  the  complete  bkde  design,  the  secondary  amo- 
dynair. ; details  — thickness,  ptanform,  twist, 
airfoil  type,  and  camber  — are  chosen  first  from  past 
experience.  Major  consideration  is  given  to  the  an- 
ticipated severity  of  structural  loading  sad  the  type  of 
blade  material  and  coast  ruction  planned.  Then  — for 
the  specified  operating  conditions  — aerodynamic 
performance  and  loading,  and  the  blade  structural 
response  to  the  loads,  are  computed.  With  these 
results,  change*  are  m^de  in  the  design  tietaiis  aad  the 
analyses  an,  repeated  until  the  dasired  levels  of  aero- 
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Fifhre  5-44.  Linearized  PrajMltT  Contrail  Blade 
Dkgrtn 

dynamic  performance  and  blade  it  rest  are  achieved. 
For  efficiency  and  ancod,  these  anrJviex  are  per- 
formed with  the  help  of  a high-speed  digital  tum- 
puUr. 

Of  the  secondary  details,  thickness  and  planform 
are  the  most  important  to  propeller  strength  and 
wdght.  The  choice  of  blade  thickness  and  its  distri- 
bution along  the  blade  is  affected  by  struct  uni 
capacity  requirements  nnd  also  by  considerations  of 
vibration-critical  speed  location.  The  aerodynamic 
requirement  lo  minimize  profile  drag  losses  puts  a 
constraint  on  blade  thickness,  and  special  problems 
such  as  tip  compressibility  also  may  affect  Uk  design. 
The  ssoicj  of  blade  pSiafoss  shape  j*  affected  by  tk« 
choice  of  blade  material  and  construction;  with  spar- 
and-shcll  fibeiglai  blades,  a tapered  planform  (wider 
inboard)  tends  itself  to  both  minimum  weight  and 
reduced  noise.  The  selected  activity  factor  usu.*1’' 
limits  the  amount  of  taper  — the  higher  the  activity 
factor,  the  leu  the  taper.  For  solid  aluminum  blades, 
a planform  with  an  elliptical  or  round  Up  often  is 
used  for  reduced  noise. 

54.il  Binds  CWmriw 

Viewed  as  a structure,  a propdkr  blade  is  a ro- 
tating, cantilever  beam  subjected  tc  two  major  daises 
of  loading:  inertia!  forces  and  aerodynamic  forces. 
The  inertial  form  consist  of  steady  centrifugal  loads 
and  vibratory  reactions;  the  aeredynantic  form  are 
both  steady  and  periodically  vrzying.  Steady  loads 
are  important  to  the  Made  design,  but  vibratory 
loading  usually  is  the  dominant  influence.  Even 

5-70 


without  dynamic  nucg^iu-xtion,  vibratory  loading  at 
one  cycle  per  revolution  (IP)  can  be  very  significant. 
In  addition,  if  rhe  frequency  of  aerodynamic  lead 
variation  approaches  one  of  the  natural  frequencies 
of  the  propeller,  considerable  magnification  of  the 
cyclic  loading  in  the  blade  can  result.  Much  effort  is 
spent  in  blade  structural  design  to  lunit  this  dynamic 
magnification  by  properly  positioning  the  bending 
and  torsional  frequencies. 

in  general,  there  are  six  major  structural  aspects 
that  must  be  considered  in  designing  propeller  blades: 

1.  Axial  load  capacity 

2.  Bending  capacity 

3.  Bending  stiffness 

4.  Bending  frequencies 

5.  Torsional  stiffness 

6.  Torsional  frequency. 

The  objective  of  the  structural  designer  is  to  obtain, 
by  judicious  use  of  various  materials  and  configura- 
tions, the  lightest  and  best  structure  potniblc  within 
the  geometric  constraints  defined  by  aerodynamic 
requirements. 

5442.1  Types  ef  Blade  Cwwtructkw 

The  Sunpksi  Lwiwu^vfi  is  the  solid  bUide,  U 
shown  in  Fig  545(A).  With  the  proper  choice  of 
material,  this  construction  has  provided  an  accep- 
table balance  of  wr^  St  and  structure  for  many  yean 
on  conventional  aircraft-  Its  advantages  arc  simplici- 
ty and  low  cost,  its  disadvantages  ere  inefficient  use 
of  material  in  tbe  center  ol  the  cross  section,  particu- 
larly in  bending,  and  the  fact  that  the  primary  struc 
ture  is  exposed  to  service-inflicted  foreign  object 
damage  (FOD).  Unfortunately,  proprikr  blades 
often  are  subjected  to  the  impact  of  various  objects, 
ranging  from  sand  and  dus*  to  stone*  and  birds. 
Many  of  these  impacts  arc  capable  of  inflicting  sur- 
face damage  that  propagates  as  fatigue  cracks 
because  of  the  cyclic  stresses  caused  by  the  unsteady 
loadings.  Recognizing  the  potential  of  FOD  has  been 
shown  repeatedly  to  be  essential  to  acceptable  service 
perfetmanee.  With  solid  construction,  the  designer 
must  select  materials  with  low  notch  sensitivity  and 
low  crack  propagation  rales,  and  must  observe  con- 
servative stress  limits. 

The  simplest  form  of  hollo.. -blade  construction  is 
shown  in  Fig.  545(B).  I bis  is  a fully  stressed  skin  of 
monocoque  construction  in  which  the  central 
material  of  the  black  section,  which  contribute*  litik 
to  beam  strength  or  stiffness,  is  absent.  The  simple 
hollow  blade  construction  has  the  potential  for  sub- 
stantial weight  reduction,  but  two  significant  prob- 
lems have  interfered  with  realizing  this  potential. 
First,  foreign  objects  that  only  gouge  the  surface  of 
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•olid  blade*  can  bulb  gouge  and  dent  the  hollow  lec- 
tion*. The  dent  cause*  an  additional  concentration  of 
•tree*  in  the  same  area  a*  the  gouge.  Therefore,  the 
minimum  wall  thick  non  is  determined  not  by  gross 
structural  considerations  but  rather  by  the  required 
resistance  to  FOD.  Because  impact  velocities  are 
greatest  at  the  tip,  thick  walls  are  required  there;  from 
the  standpoint*  of  centrifugal  load  and  frequency 
piacxnent,  this  is  an  undesirable  region  for  added 
weight.  The  second  problem  cf  simple  hollow  blades 
occurs  at  the  leading  and  trailing  edges,  which  form 
the  only  shear  load  path  between  the  thrust  and 
camber  faces.  Because  the  faces  intersect  at  a sharp 
angle,  the  bend  radius  is  small.  The  resulting  geome- 
tric stress  concentration  often  is  uasatisfactoty,  and 
additional  material  must  be  added  at  the  edge*  to  in- 
crease the  radius  and  reduce  the  local  stress.  This 
added  material  not  only  increases  the  weight,  but  also 
reduce*  the  blade  natural  frequencies,  particularly  in 
torsion. 

Some  of  the  problems  of  simple  hollow  blade  sec- 
tions are  alleviated  by  a modified  monocoque  con- 
struction. such  as  the  ribbed  section  shown  in  K l 5- 
45(C).  Oac  or  more  ribs  are  added  to  supply  ad- 
ditional shear  lead  paths  and  to  reduce  denting.  The 
proportioning  of  sheet  and  rib  thickness  and 
spacing  along  ihe  length  of  the  blade  is  a contain*- 


(A)  SOLID 
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(B)  MONOCOQUE 


(C)  MODIFIED  MONOCOQUE 


(D)  SPAR-SHELL 


Figure  MS.  Typical  Mud*  Cross  Secrtwa 


tion  of  analysis  and  experimentation.  Once  perfected, 
the  resulting  blade  generally  is  much  lighter  than  a 
solid  version.  The  primary  structure,  however,  still  is 
exposed  to  FOD,  and  cracks  caused  by  such  damage 
can  propagate  across  the  entire  section. 

One  way  to  solve  this  remaining  deficiency  is  to 
build  what  is  in  principle  a modified  monocoque  sec- 
tion in  two  pieces.  Fig.  S-43(D)  illustrates  the  cross 
section  of  such  a blade  ooost  ruction.  In  this  ap- 
proach, the  central  tubular  member,  or  spar,  u made 
s*  a tapercd-wall,  vsiying-diamcter  tube  and  then  is 
flattened  and  twisted  to  shape.  The  outer  aerody- 
namic contour  or  shell  then  is  bonded  to  the  spar. 
This  construction  allows  considerable  design  flexi- 
bility. The  spar  and  shell  wall  thicknesses  can  be 
varied  independently  to  achieve  the  required  mass 
and  stiffness  distribution,  and  the  spar  position 
within  the  shell  can  be  varied  as  well.  Additional 
refinements,  such  as  chordwisc  wall  thickness  vari- 
ations in  both  shell  and  spar,  also  can  be  achieved. 
Most  important,  with  the  separation  of  the  aerody- 
namic shell  and  structural  spar,  different  materials 
may  be  considered  for  each  item.  With  the  proper 
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i.c.,  the  effect*  of  service  inflicted  damage  can  be 
limited  to  the  shell,  allowing  adequate  time  for  detec- 
tion and  repair. 

A typical  spar-shell  blade  is  shown  in  Fig.  5-46. 
Because  the  spar  is  formed  from  a tube,  the  transi- 
tion from  the  airfoil  contour  to  the  round  retention 
section  is  natural  and  convenient.  The  spar  is  con- 
tinuous from  rcisii  lion  to  tip.  with  no  joints  of  any 
sort,  and  the  iheil » bonded  to  the  qnt  over  the  en- 
tire blade  length.  With  the  large  joint  area  and  the 
continuous  transfer  of  load  from  the  shell  to  the  nor, 
the  bonded  joint  is  loader*  lightly.  A filler  material 
often  is  used  in  the  cavities  of  the  Made.  This  type  of 
blade  construction  has  been  very  satisfactory,  with 
substantially  lower  weight  than  solid  blades. 

The  use  of  hollow  blades  to  achieve  these  im- 
provements, however,  introduces  a number  of  special 
structural  consideration*  in  addition  to  the  six  mqjor 
aspects  mentioned  previously.  These  ere: 

1.  Secondary  structural  action  in  the  transition 
region  between  shack  and  airfoil,  where  local  band- 
ing of  the  spar  and  JhII  walk  can  occur  since  the 
gross  bending  lends  to  straighten  or  deform  the  longi- 
tudinal profile  of  the  watts. 

2.  Panel  vibration  of  local  areas  of  the  spar  or 
sbeU,  especially  if  they  are  unsupported 

3.  Shear  Bow,  from  the  inability  of  the  mqjor  sheas 
loads  in  a hollow  Made  to  pass  directly  across  the 
blade  thickness.  Instead,  these  loads  must  fallow  the 
structural  material  around  the  cavities. 
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Figure  5-44.  Typical  Spar  Made 

4.  Filler  stressing,  from  carrying  some  of  the  shear 
loading  across  the  blade  thickness  and  from  reactions 
to  cross  section  deformation 

5.  Shear  lag  effects,  in  which  regions  of  the  surface 
distant  from  a rib  tend  to  dude  the  bending  load 

6.  Chordwisc  deformation  and  stress  from 

and  inertia  loads  on  the  airfoil,  a»  well  as 
from  taw  lag  effects 

1.  Structural  stabifr.y— the  avoidance  of  budding 

I.  Joint  stressing.  especially  at  the  inboard  end  of 
the  shell. 

These  possible  problems  must  be  considered 
carefully  in  design,  and  require  judicious  choice  of 
configuration,  filler,  and  joint  design. 

Additional  information  on  types  of  propeller  blade 
construction,  inducting  both  wood  and  metal  blades, 
may  be  found  in  ANC-9. 

54U1  M-nfcemrfag  Prewa a and  1-fag 

More  so  than  wish  many  structures,  the  design  of 
igfet,  strong  propeller  blades  baa  been  affected  by  the 
tunaufacturing  processes  available.  For  hollow 


blades,  especially,  detail  blade  design  must  represent 
an  intimate  combination  of  functional  requirement 
and  manufacturing  capability. 

Monocoquc  blades  sre  made  by  manufacturing 
procedures  that  fall  into  two  general  categories: 
flattening  and  twitting  tubes  into  shape,  and  joining  a 
number  of  individual  pieces. 

In  the  tube-flattening  process,  a round  tube  is 
drawn,  extruded,  or  reduced  in  some  manner  from 
the  billet  so  that  its  wall  thickness  tapers  as  required 
and  its  perimeter  is  compatible  with  the  desired  air- 
foil sections.  The  shank  region  is  swaged  down  to  the 
proper  size,  and  then  the  tube  is  pressed  and  twisted 
into  shape  in  dies.  If  the  blade  is  to  be  tapered,  the 
trailing  edge  of  the  pressed  tube  is  trimmed  and 
welded. 

Some  hollow  blades  are  made  from  only  two 
pieces,  one  containing  the  shank  region  and  one  sur- 
face of  the  blade,  the  other  the  second  surface.  The 
two  piocm  arc  welded  together  at  the  leading  and 
trailing  edges,  and  a brazed  fillet  added  tc  strengthen 
the  edges.  The  pieces  to  be  assembled  arc  milled, 
ground,  and  preas-fonued  into  the  proper  thickness 
shnpe  before  joining.  Other  blades  have  been 
"cktod  rrom  smaller  segments,  with  both  cbordwiae 
and  longitudinal  welds. 

Hollow  blades  with  ribs  arc  made  essentially  the 
same  as  the  blades  just  described.  In  this  case,  one  or 
more  of  the  pieces  to  be  welded  or  brazed  is  milled  to 
contain  the  central  ribs. 

The  manufacture  of  spar-shell  blades  varies  ac- 
cording to  the  material  used.  These  bUdcs  have  been 
produced  both  in  all-metal  configurations  and  in  con- 
figurations with  steel  spars  and  Fiberglas  shells. 
Current  development  work  is  demonstrating  the  pro- 
mise of  new  composite  material?  for  the  spar  or  the 
shell  or  both. 

Metal  spars  arc  manufactured  by  processes  similar 
to  thoae  used  for  fiattened-tube  monocoquc  blade*. 

Internal  and  external  poeaing  with  metal  shot  or 
glass  beads  are  used  for  strength  improvement.  The 
retention  bearing  raceways  then  are  machined  on  the 
root  of  the  spar.  There  raceways  are  integral  with  the 
spar  material,  and  must  be  hardened  locally  by 
carefully  controlled  flame  or  induction  methods. 
Finally,  the  finished  spar  may  be  plated  for  corro- 
sion protection. 

Metal  shells  are  formed  from  polish-ground  sheets, 
which  are  folded  around  the  leading  edge  and  seun- 
wekind  at  the  trailing  edge  and  the  tip.  As  with  the 
spars,  the  final  shape  is  obtained  by  hot-forming. 

Fiberglas  shells  normally  err  bid  up  on  metal  man- 
drels, either  by  a wet  tayup  process  or  by  using  pee- 
imp  regnated  fabrics.  Some  Fiberglas  shells  are  made 
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in  wj  piece,  folded  around  the  leading  edge  and  open 
at  the  trailing  edge,  which  is  joined  when  the  spar  and 
shell  are  joined.  Others  arc  made  in  two  pieces,  with 
bonded  joints  at  both  the  leading  and  trailing  edges. 

The  spar  and  shell  are  joined  by  brazing,  for  all- 
metal  blades,  or  by  adhesive  bonding,  for  the  Fiber- 
glas  shells.  Brazing  is  performed  in  dies  in  a brazing 
fumacc.  with  pressure  in  the  spar  to  hold  the  joint  in 
intimate  contact.  Adhesive  bonding  of  Fiberglas 
shells  may  be  accomplished  with  heat  and  pressure  in 
a pair  of  dies,  but  the  more  common  practice  is  to  use 
a die  only  for  the  camber  facet  of  tbs  blade  and  to 
apply  pressure  by  vacuum  bag  or  autoclave. 

The  assembly  of  a spar-shell  blade  also  requires  the 
installation  of  lightweight  filter  material.  Some  filter 
pieces  arc  precast  to  shape  or  cut  from  balsa  wood  or 
honeycomb;  theoe  are  installed  as  parts  of  the 
assembly  when  the  spur  and  shell  an  joined.  Cast-in- 
place  filter  also  is  used,  this  is  poured  into  the  blade 
cavities  and  cured  after  the  spar-shell  joint  is  made. 

Span  and  shells  of  advance  composite  materials,  in 
the  present  state  of  'he  art,  usually  are  laid  up  by 
hand  in  tape  foe  nr  on  „ mandrel.  When  the  composite 
mavis  is  reun,  use  miioiii  is  curau  with  the  uumuil 
as  a die  and  autoclave  pressure,  or  with  an  outside  die 
and  inflatable  bladders  inside.  When  the  matria  is 
metal,  the  material  is  compacted  and  diffusion- 
bonded  in  matched  metal  due. 

With  advanced  composites,  selected  materials  and 
fiber  orientations  can  be  used  in  the  various  layers  of 
the  spar  and  shall.  Numerically  controlled  tape- 
laying macteinas  are  being  used  in  current  develop- 
ment progtams  to  facilitate  the  efficient  manufacture 
of  these  asw  blades. 

S44J  3 QaaMty  Central 

The  production  quality  of  a propeller  Made  has  a 
considerable  effect  oa  allowable  stress  levels,  bacautr 
fatigue  (tresses  are  critical.  Therefore,  it  is  important 
that  blades  be  inspected  carefully  for  material  quali- 
ty, surface  condition,  and  — in  the  ceae  of  spar-shell 
Made*  — quality  of  bonded  or  brsred  joists.  In  addi- 
tion to  verifying  those  attributes  affecting  strength, 
inspection  must  insure  that  the  blade*  are  correct 
dimensionally.  Airfoil  dinnaioat  are  used  to  assure 
that  each  hinds  will  produce  its  design  thrust  perfor- 
mance; an  individual  perfbnwuNR  last  » both  rea- 
practicaute  and  unnecessary.  Airfoil  daoensietss  of 
individual  blades  also  ace  need  to  casefe  aorody- 
asmic  balance  among  a act  of  blades. 

Material  quality  is  verified  by  certificate  of  each 
lot  of  foegtega,  including  tensile  ad  chemical  tarts  of 
sample  tabs,  end  by  hardnssn  terns  on  each  pieoe-Fws- 
castes  efforting  strength,  each  as  cold  railing  and 


shoi-pcening,  arc  subjected  to  thorough  process  con- 
trol. This  includes  frequent  inspection  of  the 
machines  end  techniques  involved,  as  well  at  periodic 
destructive  examination  of  sample  blades. 

The  surface  condition  of  propeller  blades  should  be 
subjected  to  careful  visual  scrutiny.  In  addition,  spar- 
to-shell  joint  quality  is  assured  by  process  control  and 
by  nondestructive  testing  techniques  such  as  x-ray, 
ulUssonic  scanning,  and  tap  testing.  These  non- 
destructive methods  also  assure  the  quality  of  the 
blade  filter  material. 
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Propeller  roughncri  due  to  unbalance  is  caused  pri- 
marily by  deviations  from  tcteranocs  in  the  three 
main  propeller  components:  blades,  hub  assembly, 
and  spinner.  The  most  important  source  of  propeller 
unbalance  is  the  blades,  because  of  their  large  radius 
and  mass,  and  their  aerodynamic  characteristics. 
Four  factors  affect  the  amount  of  blade  unbalance: 
mass  force,  mass  moment,  aerodynamic  forces,  and 
aerodynamic  RK/tneni. 

To  obtain  realistic  estimate*  of  probable  un- 


balances for  a particular  propcaccr  design,  the  cfuXii 
of  the  various  independent  dimensional  tolerances 
must  be  evaluated  statistically  for  each  of  the  three 
major  components  and  then  combined  statistically 
for  the  overall  propdkr.  Analytical  techniques  and 
computer  programs  have  been  developed  for  es- 
timating and  assessing  unbalance  for  numerous  pro- 
peller instillations  with  good  success.  A discussion  of 
the  variot . aspects  of  propel Icr  balance  is  giver  in 
Ref.  56.  A Jditioual  comments  appear  in  ANC-9. 

In  general.  Made  balance  is  achieved  in  manufac- 
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t.  Mass  force  unbalance  is  controlled  by  hori- 
zontally hakicwg  the  blades  against  a master  Made 
within  0.002  in.  times  the  blade  weight  with  a 
minimum  tolerance  of  0.10  in.  4b. 


2.  Mass  moment  unbalance  is  controlled  by  verti- 
cally balancing  the  Marks  against  a master  Made 
within  0.004  in.  times  the  Mark  weight  with  a 
minimum  tolerance  of  0J0  ia.4b  (hiIL-P-26366). 
The  vertical  balance  should  be  accomplished  for  two 
orthogonal  Matte  angular  pomtkms.  To  achieve  bum 
balance,  small  weights  are  added,  usually  ia  the  Matte 
root  region 

Aerodynamic  balance  of  propeller  batenoe  usually 
is  cootrolted  by  bolehag  propeller  airfoil  shape  aad  by 
taatallgag  the  Mattes  with  their  rdereooe  stations 
withia  0.2  tkg  of  each  othar.  la  many  metaUations, 
however,  adequate  control  cannot  be  achieved 
without  selective  anaaefaiy.  Ia  these  cases,  the 
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weighted  average  blade  angle  error  mutt  be  com- 
pared to  a specification  maximum.  The  weighting 
factors  for  the  angle  error*  along  the  blade  are  based 
on  the  aerodynamic  loading  for  a specific  operating 
condition  for  cither  force  or  moment  unbalance. 
Usually,  correcting  aerodynamic  force  unbalance 
also  will  correct  moment  unbalance  satisfactorily. 
The  weighted  average  blade  angle  error  may  be  ob- 
tained by  manually  averaging  the  weighted  blade 
angle  errer*  at  various  stations  along  the  blade,  or  by 
using  an  automatice  blade  aerodynamic  balancing 
machine. 

Hub  and  spinner  unbalances  also  can  influence  the 
overall  propeller  balance.  Even  though  the  hub  is 
stcticully  balanced  about  its  axis  to  0.00 j5  in.  times 
its  weight,  and  the  spinner  is  both  statically  force 
balanced  about  its  axis  to  0.0003  in.  times  its  weight 
and  dynamically  moment  balanced,  dose  dimen- 
sional control  and  indexing  muit  be  maintained  to 
achieve  good  propeller  balance.  Critical  factors  in- 
clude out-of-plane  and  inplane  Made  retention 
squareness,  axial  positioning  of  the  Made,  eccentri- 
city and  squareness  of  the  hub  retention  on  the  pro- 
peller shaft,  and  spinner  mounting  runout  and  tilt. 
The  balance  req  Jirciiiuiii  of  the  hub  and  sp<mu 
usually  are  met  by  removing  material  or  addin„ 
balance  weights. 

After  the  parts  of  a propeller  are  balanced 
separately,  the  assembled  propeller  is  balanced 
statically  in  either  the  honxo.>tnl  or  vertical  position 
to  0.0005  in.  limes  the  pro^tMe/  weight  by  adding 
balance  weights  to  the  hub.  Tbs  blade*  should  be  at 
cruise  flight  angle  during  this  final  balance  to  obtain 
the  smoothest  operation  in  flight. 

If  additional  balancing  is  required,  it  may  be  per- 
formed on  the  aircraft  dyitsmi'cal’y  by  »•<<>{ 
systematic  trial  weight  method*  or  special  instru- 
mentation, such  as  the  pulse  tyikchnmirw  unbalance 
indicating  (FSU1)  unit  or  a vibration  anaiyuer. 
Because  of  differences  in  Made  angular  position  and 
loading,  and  possibly  in  nacelle  system  response  in 
flight,  it  may  be  nttfcuary  to  supplement  ground 
dynamic  bslsndiq  of  the  propeller  with  inflight  dy- 
namic balancing. 

SU4  Hade  Materials 

The  continuing  development  of  new  Materials  and 
construction  techniques  far  propeller  blades  has  per- 
mitted substantial  weight  iwductioau,  a*  sunuaariaed 
in  Fig.  5-47.  Advanced  compoeite  Made  conutnaction 
has  the  potential  for  even  more  ianprovenaent. 

The  paisgraphi  that  follow  deal  with  various  kinds, 
of  Made  materials.  Additions!  information  h con- 
tained in  ANC-9. 
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54.4.4.1  Hallow  Blades 

Steel  suitable  for  one-piece  hollow  blades,  or  for 
the  spar  of  spar-shell  blades,  arc  low-alloy  steels 
equivalent  to  AISI 4350,  vacuum  melted,  in  both  the 
36-40  Rc  hardness  and  the  4<M4  hardness  ranges. 
These  steels  must  be  protected  from  corrosive  envir- 
onments. The  leading  edge  or  the  entire  airfoil  may 
be  protected  with  erosion-resistant  costings  or 
platings  with  less-durable  paint  coatings  on  the  inter- 
nal surface. 

Impact  damage  is  a serious  problem  for  a one-piece 
hollow  steel  blade.  Wall  thickness  that  may  be 
adequate  for  carrying  structural  loads  may  be  thin 
enough  to  dent  locally.  The  strength  reduction  for 
local  impact  damage  is  the  combined  effect  of  the 
gouge  stress  concentration,  the  local  plastically 
deformed  material,  and  the  stress-raising  action  of 
the  dent.  Frequent  inspection  and  local  removal  of 
gouges  and  their  plastically  deformed  surrounding 
material  can  be  used  to  protect  against  the  effects  of 
this  type  of  damage-  Anotbor  method  it  to  protect  the 
blade  with  a bard,  damage-resistant  plate  such  as 
nickel  or  chrome.  However,  the  strength-reducing 
effects  of  tbs  bard  phiting  os  the  sled  structure  rsust 
be  considered  in  the  initial  design. 
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TITANIUM  SPAR  AND  FIBERGLAS  SHELL 

f Igwe  M7.  Made  Material  and  W«gM  Bcduritea 


When  spar-site!!  ton&yncijaa  is  uwxl,  with  the  spar 
a*  the  major  toid-canying  mumbti  rnd  a surround- 
ing shell  of  a diiSlaient  maicrisJ*  tb*  iy*r  is  protected 
from  erosion  and  uaikci  riiutwgc  by  to  toll.  Inter- 
nal surfaces  of  the  *pw  oust  be  proccetsd,  brvwevtr. 
Glass  doth  or  fiber-s«nJofwi  plswis  sAatncinic  can 
he  used  for  the  acrcdyomis  aheW  end  h©iiut».1  to  the 
spar  with  adhesives.  The  d,utk  and  modumkaJ  prop- 
erties of  the  shell  can  be  toileted  by  selected  orienta- 
tiou  of  the  lay-up. 

Hollow  titanium  load-carrying  spars  are  being 
developed,  using  6AMV  ahoy.  Because  of  the 
excellent  corrosion  resistance  of  titanium  alloy*  in 
general,  uo  corrosion  protection  w required.  An  air- 
foil envelope  adhesively  boao.d  to  the  spar  provides 
both  erosion  and  impact  dsnvsjc  protection.  There- 
fore, no  protective  platings  that  can  dqiitdc  the 
fatigue  aiufth  of  titanium  seed  be  considered  in  this 
type  of  construction. 


lent  is  finding  satisfactory  techniques  for  fabricating 
individual  components  frouu  the  tapes.  B raxing  and 
diffusion  bonding  arc  two  processes  with  great  poten- 
tial that  posata  Ute  capability  of  being  developed 
into  highly  reproducible  and  economical  manufac- 
turing reooessrs.  Dramatic  increases  in  stren^th-to- 
weight  and  stiffness- to- weight  ratios  over  either  stej 
or  titanium  arc  possible  with  the  new  advanced  com- 
posite*. 

When  loading  is  essentially  unidirectional  with  the 
reinforcing  fibers  and  the  matrix  material  is  not 
highly  stressed,  an  epoxy  matrix  appears  preferable 
because  of  its  lighter  weight.  However,  a metal  matrix 
offers  higher  strength  and  stiffness,  where  needed. 
Abo,  the  allowable  strength  and  design  modulus  of 
material  with  an  opoxy  matrix  normally  miut  hr:  ad- 
justed downward  to  allow  for  moisture  absorption  it 
service  and  for  the  gradual  modulus  duuw  under 
continuous  cyclic  stressing. 


3-1. A -O  Caic#«nt!&  Miotsrlnls 
Glass  fibers  in  rutin  taatifcrs,  either  niaaiicr.t- 
wound  <»  in  doth  lay-up*,  have  been  uamf  widely  for 
varkm#  su'uctatw.  Oku  cterfii  in  so  opavy  ua&xi.i  kv 
used  ns  tfoe  ncxiiuyuomui.  tow!  wt  Btwkxt*  spar -swum 

b&ufca  with  me-?.*!  spsr-f.  AtoMt$!'i  tlxue  Say-up*  do 
btH  iixhibiv  high  stvu$lfcr  they  six  fnn  fi\m  corrc- 
non  and  are  rtiaitvely  itisc&litive  to  the  effects  of  fcu- 
p*c3  danugc.  A&quhlc  pre^tiaei  from  hght  perticte 

motion  can  be  provided  by  c.  total  sheath  boodsd 
adhesively  to  the  leu  drag  eri&i  and  cxtsa^iing  o* 

pdriines  of  the  ha  and.  casvsber  sides. 

Bctoa  and  c* rfwv.  &!&*.*&&»  in  au  epoxy  mwirix 
and  bore*,  in  kj*  akvjniffltMB  alUy  stmtiu  are *'<&  k iSdc 
devcfajKiswatii'  trtaj.  ...  Togttto  with  Fito&'ias,  toot 
advss  xd  ce^is^tss  pswadi*  to  denssor  with  a*  «*- 


by  ofikkakJ  safety.  eV  raw  t^sisviak  fat  mnw*> 
ettqnw  or  spur-shell  blukv.  Meicrur**. 

The  kjhiy  dtiwtk-iwii  prc$HU'uts  of  fibrous  coea- 
patbiM  tudut  i'Mm  both  pr«su«ki$  and  troublesome. 
They  MMiuot  be  entodatad  ns  ckipSc  substitutes  for 
itxtUit^jc  nssto ito.  Til*-  dramas?  tuurt  take  advsn- 
t&®b,  m miitii  pftawbfc,  of  to  dsfuctkeoal  p«p 
et.Uv*  of  to  ei>j*ij'Oi£icii  (to  g>«t  gains  in 

witotoar**.;  fetnw^tiu  mi  vM&m  are  reduusd  if  the 
ssmau'o.  midM  cure?  wk.U&m'to.'tiii  loads.  Maw- 
mwis®  sin*xMi«l  i&bssemy  of  crntpstoK 
bsa>.  Rfc.-  rwsfcvtrmwM*  fcs,  mwaavtl  Srw.1  piv^wtiixwrf1 
aaevushti;  bad  to  suo^k  tkt  dw-vgai 

hMdi.  T'to  i<*;-uwviA  dbailml  luMwrfii%c  af  t«4l: 
fioifon’e  tfe-MV'  n»d  coakdcca  dsfusou iSioa. 

With  aesitti  m*!a«s  . l&'ia  KBfcikkkww 

k a hok  vmm.  bwftsx  of  tlw  sKXs$*!&vrt&i'-  g..ad 
Cmu#«Hrss  DSttbiph  of  rha  w»Uik  asntuial.  Tds  paoh- 


34UAJ  FtkrMnSukf 
Rigid  u.xtec  fouu  materials  with  a dtosiiy  ia  the 
r»?t£»  of  &•!?  Ib/lV  cwrseTslly  ere  used  ns  the  Mine- 
tuml  liiSltti'  is  Ugfttwfltg&t  bi.V«A.  The  ftwiaij  matesfak 

tr  . •.. .« w t.  (tr.  ^ — ->»  . r..  A 
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csiw  teaic  bii«  tjjvi  sox  of  the  poui-iiriiun;  tj-pe, 
bfowji  with  CC\.  Though  anisotropic  in  caUuo,  th«w 
mu&risb  OiXJtbias  low  thermal  conductivity  »ud 
eir*ng<ii-t«-wrt^i,t  ratios  with  adequate  nu.k’srr 
resniinwoc,  txcriimt  adhesion,  and  satisfactor/  tcM*- 
psnttum  ti.;:aifc.Jy.  Of  partioilar  importance  in  binds, 
fabdesikss  is  tfte.  ability  of  theac  foamato  be  inatalled 
in-plsce.  in  spite  of  complex  cavity  configuration. 
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aspects  of  propeller  design,  determination  of  blade 
fatigue  strength  must  be  based  upon  both  compr 
hemivc  fatigue  tests  of  full-scale  blades  and  vibra- 
tory blade  stresses  measured  on  the  aircraft  under 
conditions  representative  of  service  operations. 

The  number  of  vibratory  stress  cycles  accumu- 
lated in  the  service  life  of  a propeller  is  so  great  that 
vibratory  stresses  below  the  endurance  limits  are 
necessary  for  most  operating  conditions.  For  in- 
stance, assuming  a IP  vibratory  stms  and  a rota- 
tional speed  of  1500  rpnt,  9 x 10*  cycles  are  accumu- 
lated in  100  hr  of  service. 

Some  momentary  or  intermittent  operating  con- 
ditions can  occur  in  which  stress  amplitudes  exceed 
the  endurance  limit.  Each  cycle  of  such  stress  uses  up 
some  of  the  fatigue  life  of  the  propeller,  and  it  is 
necessary  to  establish  conservatively  that  the  ac- 
cumulation of  these  cycles  can  be  tolerated.  Current 
practice  is  to  apply  Miner's  Rule  for  cumulative 
fatigue  damage. 

Vibratory  stress  limits  must  be  derived  primarily 
from  controlled  laboratory  tests  for  full-scale  pro- 
peller blades,  supplemented  by  specimen  tests. 

Ground  and  flight  measurement  of  propeller  vi- 
biatory  stresses  during  aircraft  operation  is  described 
in  Chapter  8,  AMCP  706-203.  The  instrumentation 
required,  many  of  the  co.  (derations  involved  in 
planning  and  executing  a vibratory  stress  survey,  and 
the  interpretation  of  results  are  included.  Certain  of 
these  subjects  are  summarized  in  the  paragraphs  that 
follow,  with  emphasis  on  the  interpretation  of  results. 
An  example  of  the  application  of  Miner's  Rule  is  in- 
cluded by  reference. 


5-83.1 


Utah  ad  Other  Structural 


5-83.1.1  Speelmt*  Tests 
Considerable  information  about  the  fatigue 
strength  of  propeller  blade  materia]  can  be  obtained 
from  specimen  tesu.  A discussion  of  types  of  testing, 
number  of  samples,  and  statistical  interpretation  of 
fatigue  test  data  can  be  found  in  Ref.  57. 

545.13  FaB  scale  Teats 
Sptdnai  testing  can  oousptcawnt,  but  never 
replace,  tasting  of  fuU-ecale  production  components. 
Because  of  the  hug  / aim,  fnbt  atioc  difteroeocs,  aed 
differences  in  stress  state,  compt  jents  tend 

to  have  both  lower  mean  fatigue  strengths  and 
greater  scatter  than  conventional  laboratory  tpad- 
hwh.  A typical  iKcMtiniMa  of  this  diflereetos  is  shown 
ia  Fig.  5-48,  where  the  mean  fatigue  strength  of  fuil- 
rcaSs  component*  at  larger  ounben  of  cycles  is  about 
one  half  that  of  the  spariwens.  The  data  scatter 
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CYCLES  TO  CRACK  DETECTION  LOG  SCALE 

Figure  5-48.  fatigue  Strength  Difference  Between 
Specimen  and  Fuli-ecnle  Testa 

(represented  by  the  coefficient  of  dispersion;  i.e.,  the 
ratio  of  the  standard  deviation  in  fatigue  strength  to 
the  mean  fatigue  strength,  at  a particular  number  of 
cycles)  is  generally  in  the  ran«  of  5-10%  for 
specimens,  but  may  be  as  high  as  13-20%  for  full-scale 
components. 
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upon  p.evious  tests  on  similar  components,  antici- 
pated service  loadings  and  environments,  and  related 
service  experience.  The  various  regions  of  the  blade 
— tip,  mid-blade,  airfoil  transition,  shank  and  reten- 
tion — must  be  considered  as  to  their  shapes  and 
fabrication  details,  their  steady  and  vibratory 
loadings,  and  their  environmental  exposures.  The 
requirements  for  fatigue  testing  of  propeller  blades 
arc  similar  to  those  for  rotor  blades  discussed  in  par. 
5-7  and  in  Chapter  7.  AMCP  706-203. 


tea  Bus*  i 


I Silt— » » J8»  I 


tesmlaitloi 

5-833.1  Aircraft  Teats 

The  instrumentation  required  for  measuring  blade 
vibratory  stresses  in  flight  is  described  in  Chapter  I, 
AMCP  706-203. 

In  general,  survey  tests  are  programmed  to  en- 
compass all  significant  service  operating  conditions, 
with  adequate  allowance  for  variability  and.  whare 
possible,  for  future  change  and  growth.  The  results  of 
a propeller  vibratory  stress  survey  customarily  are 
summarized  in  plots  of  vibratory  stress  against  the 
most  pertinent  variable  — such  as  propdBer  speed, 
airspeed,  power  or  tune.  The  curves  usually  are 
salaried  to  show  the  highest  stresses  in  the  tip,  the 
mid-blade,  sad  the  shank  ngpoas  of  the  blade.  An 
example  of  a stress  summary  plot  is  shown  in  Fig.  5- 
49.  A full  set  of  such  curves  will  form  the  basis  for  the 
fatigue  life  analysis. 
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To  determine  structural  integrity,  the  measured 
stresses  in  various  regions  of  the  blade  — after  due 
consideration  of  background  data  and  allowance  for 
change  — must  be  compared  with  appropriate 
material  strength  information.  The  strength  data  are 
established  from  fuii-ccale  and  specimen  testing.  In 
choosing  appropriate  strength  data,  the  level  of  mean 
street  from  design  computations  is  suflicfaully  ac- 
curate. 

For  operating  conditions  considered  to  be  essen- 
tially continuous,  the  stress  levels  must  be  below  the 
endurance  limit.  Normal  cruise  flight  must  be  treated 
as  a continuous  operating  condition,  and,  in  some  in- 
•tattatiocs,  normal  chab  and  descent  should  be 
treated  ntniteriy. 

A farther  oonrideration.  after  wtabHshing  that 
rmatiaunns  operating  conditions  produce  scopubh 
stresses,  ia  to  determine  wfeetiwr  any  ooadstione  exist 
when  the  dynamic  empcsace  of  the  propeller  might  he 
poorly  repeatable,  Lc,  commons  where  the  vibra- 
tory atiraa  — thomh  it  he  low  m mud  — might 
became  too  high  undr  expectable  variatiooi  in  cwr- 
cawntanosc.  Such  oondkiooe  nbh  include  operation 


at  certain  critical  speeds  in  a raudom  ground  windjen- 
vironment,  or  some  instances  of  stall  flutter.  In  such 
cases,  it  may  be  nooessary  to  avoid  specific  operating 
region*  in  order  to  assure  structural  integrity 
For  conditions,  such  as  takeoff  and  inflight  ma- 
neuvers, where  vibratory  stress  levels  exceed  the  en- 
durance limit,  the  cumulative  fatigue  damage  must  be 
shown  to  result  in  an  acceptable  fatigue  life  for  the 
propeller.  Fatigue  life  determination  is  discussed  in 
Chapter  4,  AMCP  706-201. 


5-9  ANTITORQUE  ROTORS 

5-9.1  GENERAL 


The  tail  rotor  of  a single-rotor  helicopter  is 
designed  to  provide  thrust  for  counteracting  main 
rotor  torque  at  all  flight  conditions  and  to  provide 
variable  thrust  for  control  in  both  the  torque  and 
antitorque  directions.  Yaw  control  is  effected  by  vari- 
ation and  modulation  of  the  collective  pitch  setting  of 
the  tail  rotor.  The  collective  pitch  is  controlled  by 
directional  control  pedals  and  normally  is  adjusted  so 
that,  at  the  design  point  hover  condition,  the  pedals 
arc  in  a neutral  position.  For  single-rotor  helicopters 
with  the  advancing  blade  on  the  right,  (the  conven- 
tional oinviiuu  of  main  rotor  rsUtiss),  the  left  fidi! 
increases  tail  rotor  (positive  to  the  right)  thrust,  pro- 
ducing a left  yaw.  Likewise,  the  right  pedal  will  pro- 
duce a right  yaw,  with  the  tail  rotor  going  to  lower 
values  of  thrust  ai.d  finally  into  “reverse  thrust'*. 

The  tail  rotor  design  goal  is  to  produce,  with 
minimum  power  and  weight,  the  thrust  necessary  to 
meet  the  control  and  antitorque  requirements.  Tail 
rotor  requirements  must  be  met  without  the  oc- 
currence of  any  undesirable  vibration,  whirl,  or  shake 
characteristics. 


The  tail  rotor  u designed  for  the  most  severe  ambi- 
ent condition*  including  udiccpSw  critical  hever  al- 
titude and  temperature,  and  the  critical  altitude  for 
the  engine. 


The  maximum  thrust  that  the  tail  rotor  must  pro- 
vide without  blade  stall  ia  that  required  to  counteract 
main  rotor  torque,  while  also  providing  the  specified 
positive  yaw  acceleration  and  overcoming  tail  rotor 
gyroscopic  precession  effects,  in  the  maximum  speci- 
fied cross-wind.  Provision  must  be  included  to 
counteract  disturbances  such  as  gusts.  Goasideration 
also  niut  be  given  to  the  thrust  loss  due  to  iateries- 
once  with  the  vertical  da,  main  rotor,  and  other  ports 
of  the  haiodptor. 

Experience  has  shown  that  if  the  tail  rotor  thrust 


requirraaati  at  the  critical  tew  speed  conditions 
(eg.,  hover  pket  left  yaw  into  a aide  wind  a minimum 
density  tfldtndx)  am  sent,  ah  requirements  for 
forward  flight  ueuaSy  wiU  be  satisfied.  However,  the 
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tail  rotor  thrust  cap”hir'  st:”  be  an  yzed 

under  forward  flight  conditions,  including  critical 
maneuvers.  Without  such  verification,  it  may  be 
necessary  to  restrict  the  helicopter  operational  enve- 
lope or  to  redesign  the  tail  rotor  when  deficiencies  are 
discovered  during  subsequent  flight  test. 

Prior  to  final  definition  of  the  maximum  required 
tail  rotor  thrust,  consideration  should  be  given  to  in- 
creased thrust  requirements  resulting  from  the  in- 
creased engine  power  available  with  engine  growth. 

Refs.  58  through  61  give  additional  data  on  tail 
rotor  design.  There  currently  are  no  Military  Specifi- 
cations applicable  specifically  to  the  design  of  anti- 
torque  rotors. 

5-9.2  TYPCIAL  ANTITORQUE  ROTORS 

Tail  rotors  in  current  use  employ  from  two  to  six 
blades.  However,  there  is  no  basis  for  limiting  the 
number  of  blades.  The  blades  arc  retained  i.i  a hub  to 
allow  collective  pitch  change  ranging  from  positive  to 
negative  angles.  Two-bladed  tail  rotors  L'*'aliy  are 
designed  with  teetering  blades,  whereas  rotors  with 
three  or  more  blades  have  individual  hir.ges.  In  either 
type,  commonly  is  used  to  control  the  flapping 
magnitude.  In  tail  rotors  with  tc  tering  blades,  the 
precone  required  for  bending  moment  reduction  aiso 
can  be  used  to  compensate  for  the  aerodynamic  and 
centrifugal  twisting  moment  that  drives  the  blade  to 
low  collective  pitch  angles.  The  blades  may  be 
retained  in  the  hub  by  bearings,  tension-torsion 
straps,  or  elastomeric  bearings. 

The  blades  used  for  tail  rotors  are  much  stiffer  in 
all  modes  than  those  used  for  main  rotors.  For  in- 
stance, in  the  torsional  mode,  the  combination  of 
blade  and  control  stiffness  generally  is  five  to  six 
times  greatet  than  the  stiffness  in  main  rotors.  This, 
combined  with  the  higher  relative  mass  and  high 
beari  ig  damping,  usually  eliminates  the  mass  balance 
requirement  for  preventing  flutter  and  divergence. 
(Ref.  59). 

5-9.3  TAIL  ROTOR  DESIGN  REQUIREMENTS 

The  tail  rotor  shall  produce  the  thrust  necessary  for 
helicopter  yaw  control  and  the  antitorque  require- 
ments of  the  main  rotor.  This  thrust  must  be  pro- 
duced when  operating  in  the  flow  field  and  dynamic 
environment  found  with  tail  rotor  helicopters,  e.g.,  in 
the  pretence  of  a tail  fin,  in  the  wake  of  the  main 
rotor  at  awkward  velocities,  near  the  ground,  and 
when  the  helicopter  has  a positive  or  negative  yaw 
rate  and/or  acceleration 

Bated  upon  the  geometric  conditions  between  the 
tail  rotor  and  the  rest  of  the  helicopter  (Fig.  5-50),  the 
tail  roto.  thrust  T„  required  is  found  from  Eqs.  5-19 
and  5-20  with  X and  measured  in  feet 
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where 

Iu  - mass  moment  of  inertia  of  helicopter  in 
yaw,  elug-ft1 

X distance  from  centerline  of  main  rotor  to 
centerline  of  tail  rotor.  It 
♦ « yaw  acceleration,  rad/secH 
Qmr » main  rotor  torque,  ft-lb 
Rmtm  main  rotor  radius.  It 
(fl/Q  • main  rotor  tip  speed,  fps 

Tlr  * tail  rotor  th*  ust  required  to  compensate  for 
main  rotor  torque,  and  to  provide  required 
yaw  acceleration,  lb 

The  tail  rotor  thrust  calculated  in  Eq.  5-20  is  the 
net  thrust,  taking  into  account  all  interference  losses 
due  to  the  presence  of  vertical  tail  fins,  flow  field,  and 
dynamic  effects.  The  rotor  will  be  designed  to  meet 
the  thrust  requirement  found  in  F.q  5-20  at  the  criti- 
cal hoveting  temperature  and  altitude  or  th  critical 
engine  altitude.  Normal  forward  flight  condLions  arc 
of  secondary  importance  since  the  vertical  tail  fin 
usually  is  designed  to  unload  the  tail  rotor  at  cruise. 
High-speed  sutorotations  and  rolling  pullouts  are 
two  critical  exceptions. 

In  addition  to  producing  the  thrust  required,  the 
tail  rotor  shall  be  designed  for  ease  of  control, 
manual  or  boosted.  The  rotor  should  be  designed  so 
that  a linear  control  will  be  obtained  in  all  flight  con- 
ditions where  the  tail  rotor  docs  not  operate  in  the 
vortex  stage.  The  natural  frequency  of  the  rotor 
should  not  correspond  to  any  critical  frequencies  oc- 
curring in  the  rest  of  the  structure.  In  addition  to  nor- 
mal structural  integrity,  tail  rotor  design  shall  con- 
sider aerodastk  problems. 


i 
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Flfara  5-56.  Cwmtri;  Data 


5-9.4  INSTALLATION  CONSIDERATIONS 
Durng  design  of  the  tail  rotor,  consideration  shall 
be  given  to  the  actual  installation  on  the  vehicle  in 
determining  the  inquired  thrust.  The  rotor  may  be 
designed  to  operate  with  the  tail  fin  downstream 
(tractor  configuration),  or  with  the  fin  upstream 
(pusher  configuration).  The  rotational  axis  of  the  tail 
rotor  also  may  be  canted  with  respect  to  the  fin  to  ob- 
tain a life  component  from  the  thrust  vector.  The 
locatiou  of  the  rotor  will  have  been  selected  to  pro- 
vide adequate  dearansc  from  the  ground  and  other 
puts  of  the  helicopter,  and  with  provisions  for  the 
safety  of  ground  personnel  (see  Chapter  13,  AMCP 
706-201). 

5-9,4. 1 Tractor  Configuration 
In  the  tractor  configuration,  the  fin  produces  a 
blockage  that  causes  a thrust  loss.  Tests  (Ref.  56)  in- 
dicate that  the  net  thrust  available  to  satisfy  helicop- 
ter requirements  may  be  estimated  from 


thrust  for  control  and  antitorque,  lb 

C / i — Ml! a «vf  iAisL  oson  W9rw*trmsl  kit  tka  Ian  In 
W/ri  — inuv  wsow  vj  »■»»  im  »w 

total  disk  area,  dimensionless 

5-9.4  J Posher  Configuration 
In  the  pusher  installation,  the  production  of  thrust 
creates  negative  pressures  on  the  fin  and  tail  boom  on 
the  side  adjacent  to  the  rotor.  The  integral  of  these 
pressures  over  the  affected  area  produces  a force  that 
must  be  subtracted  from  the  rotor  thrust.  This  force 
esn  run  as  high  as  20%  of  the  tail  rotor  thrust,  but  can 
be  reduced  by  increasing  the  aval  distance  between 
the  rotor  and  the  fin.  At  a distance  corresponding  to 

fUtfll  a f ika  tail  Mrlin*  tiiia  !<*»••  im  amIu  9 TflL  Tk* 

w rv  vi  ta>v  ■ vivi  law him  ivm  se  viiij  s-w/v.  « siw 

effect  of  distance  for  both  tractor  and  pusher  config- 
urations la  shown  in  Fig.  $-51,  taken  from  Ref.  58. 

It  is  possible  to  design  the  pusher  configuration 
with  lower  losses  than  occur  in  the  tractor  installa- 
tion. However,  because  of  How  blockage,  rotor  per- 
formance is  influenced  to  a greater  degree  by  wind 
effects.  Therefore,  the  pusher  configuration  should  be 
used  with  caution. 

5-9.4J  Operational  CoasUeratioos 

Whc»  the  tail  rotor  is  operating  at  a yaw  rat-,  a 
moment  is  required  to  process  the  gyroscopic  forces. 
This  moment  is  a function  of  yaw  rate  4*.  tail  rotor 
angular  velocity  Q,„  and  polar  moment  of  inertia 
and  must  be  produced  by  aerod  namic  forces  applied 
90  deg  ahead  of  the  direction  oi  precession  in  the  case 
of  rotors  with  flapping  blades.  This  is  accomplished 


by  a lag  of  the  tip  path  plane  with  respect  to  the  con- 
trol axis,  which  produces  an  equivalent  to  cyclic 
feathering.  As  a result,  one  side  of  the  disk  is  loaded 
more  highly  than  the  other;  if  blade  stall  is  en- 
countered, the  additional  processional  moment  must 
be  produced  by  the  unstalled  side.  This  effectively 
reduces  the  thrust  capability  of  the  tail  rotor.  The 
rotor  blade  mutt  be  sized  to  operate!  at  lift  coeffi- 
cients below  the  value  for  stall  throughout  the 
operating  range.  The  increased  loading  caused  by 
rotor  precession  must  be  provided  for  in  this  sizing. 

The  effects  of  operation  in  a side  wind  alsc  must  be 
considered  on  the  basis  of  a uniform  variation  of 
thrust  with  pedal  position.  When  rotor-induced  ve- 
locity approaches  sideward  velocity,  the  rotor  will  en- 
counter the  vortex  ring  state.  This  characteristic, 
shown  on  Fig.  5-S2  (from  Ref.  58),  gives  undesirable 
flying  qualities  and  generally  is  avoided  by  pilots.  It  is 
preferable  that  the  induced  velocity  (disk  loading)  be 
sufficiently  high  that  the  vortex  ring  state  is  not  ap- 
proached until  sideward  velocity  exceeds  35  kt. 

5-9.4. 4 Direction  of  Rotation 

When  the  helicopter  is  in  rearward  flight  near  the 
ground,  the  characteristics  of  a tail  rotor  installation 
designed  with  ihc  iop  blade  moving  forward  produce 
undesirable  flying  qualities.  The  uii  rotor  can  en- 
counter a large  ground  vortex  produced  by  the  main 
rotor,  which  causes  nearly  a 20%  decteasc  in  tail  rotor 
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thrust  swf  bis  sdvcsse  fin  force  of  w«aerty  at  tlu 
rertauwag  ut(  rotoc  (Lru  Ylu  tJaaoue  of  effoc- 
livmti  rsauilG  in  «a  tacrotee  ki  twqiakad  (»**,  feisd 
could  influsnas  the  rotor  toiidity  inqmd  to  pwent 
Walk  ii&li (R:a.  61).  Test*  ifeivc  shown  sttbsiaatlai  m- 
pwewMint  it  nostro!  cape'dlity  in  this  critical  oon <&~ 
4km  when  dws  dntotkni  of  rotation  is  revaaed  (Ref. 
6J),  Thi*  toci'TO'.  G&asat  apparently  » d*e  to  the  higher 
refetiw  vuiucily  of  tits  airflow  ova?  the  iaii  rotor 
brvuttt  tile  tbdl  rotor  k torsueg  isvto,  or  ajainst,  the 
mtiifi  rotor  d‘./ivrtwesh  ia^totd  of  turnip  in  She  mae. 
direction.  Therefore,  tail  rotor*  normally  are 
designed  to  rotate  with  the  bottoms  blade  moving 
forward. 
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PorwbLc  drastic  reJuniof**  a tail  rotor  ihtuii  due 
to  tbc  inftsuon  by  the  toil  rj*or  of  hot  exhaust  *stae» 
( jvsth  resultant  rewuecd  air  density)  should  br  avoided 
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Figure  5-53.  Tail  Rater  PaKsn— nr,  Four  Blades 


5-9.fr  TAIL  ROTO®  ttiSICN  PARAMETERS 
The  physical  site  cl  a Un>  rotor  will  ciepend  upon 
the  loading,  tip  epefcl,  blade  twist,  and  ait  foil  section. 
Beumw  those  najioncteiv  influence  the  metalled 
weight,  iv  k Boowtutry  Is  dtffrtnine  their  intarela- 
tioavhip  in  <rdu  to  optional  the  design. 

M AS  Kiitt  ftafiiw  IM  Lan&lqg 
As  in  Vc*'  main  rotor,  the  power  required  to 
fmtsrito  thrust  rhrpiito*  upon  the  dUk  kuwiki^,  ur:d 
thus  on  the  dii*>*tor  wtj acted.  As  noted  in  Fig  5-53, 
the  pewo*  required  usorwc*  with  iocrosfed  digit 
badtof;  i.e.,  thru*;  lcnac&anjg,.  Ib/hjv,  deerearts.  To 
mimc.^iK  the  p required,  ice  disk  kafedings  are 
i ).  However,  as  rotod  h pwr.  5-9,4 .3,  it » pre- 
fa taife  that  ihrt  dish  haxLiiig  be  tufiTiCMnlly  tiifh  to 
pro vsdt  as  latest*  vetoaty  gmmer  than  3$  kt  during 


sideward  (Ugh*  to  the  left.  Tail  rotor  weight  and 
boom  size  increase  es  disk  loads  decrease.  Thus,  the 
final  selection  of  tail  rotor  duk  loading  will  depend 
upon  tije  overall  trade-off  of  required  power  versus 
tail  rotor  dixmctcr. 

WA2  Tefl  Refer  IV  bp*ed 
TsM  rotor*  are  designed  to  operate  at  tip  speeds  of 
600-800  fpt.  For  a given  thrust  requirement,  tail 
rotors  operating  at  low  tip  speeds  will  need  higher 
solidities  to  obtain  tbc  required  operating  CL.  The 
kv-  tip  speed  also  increases  the  torque  of  tbc  drive 
system.  These  factors  both  increase  the  overall  weight 
of  tbn  sntiUvqi^  system.  Higher  tip  speeds  can  result 
in  blade  raodynaenk:  compressibility  losses  with  t»t- 
nspondwg  power  fosse*,  hifh  control  forona,  blade 
leading;  edge  erenior:  problems,  and  higher  rtoke 
fcWs  (Fig.  3-54). 
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The  rotor  xpmi  y <*  «gg  9a  ^-*3?  ap  so  Kjf  tssQr 

between  N»dc  chord  and  bade  number.  UMd^y,  *1  k 
bast  to  krup  the  value  of  isdividyd  blade  solidity 
i>*  - f/b  between  0.03  and  0.06  fur  iwaaoat  of  strew- 
tore  sod  retention.  The  blade  number  b eaa  ha  any 

value. 

The  rotocr  solidity  required  depends  upon  tip  speed, 
disk  louding.  maximum  thrust  rwjufed,  aed  the  air- 
foil section  chosen.  The  choice  of  the  airfoil  affects 
the  maiiraum  operation  CL,  thus  directly  ioTuumdog 
the  solidity. 

The  product  (c,b)  of  the  required  bfode  chord  t, 
times  use  Made  numf  <r  b cast  be  found  from  Eq.  5-22, 
knowing  the  maximum  operating  tip  speed,  helicop- 
ter yaw  rale,  fan  blockage  effect,  and  tarns:  require- 
ment: 

t 6K 

cjb  * ■»  ♦ — * — 


tlpM*  \ 

' 3 BR  I ' 


ft.  (5-22) 


where  ' ' 

b ■*  number  of  tail  rotor  blades 
B - blade  tip  loss  fcctor,  dimeiuionteu 
c » effejdve  blade  chord,  ft 
If  = pots;  jPi,:.->;nt  of  inertis  pet  blade,  slug-ft2 
K ® ratio  of  !«t»i  toil  rotor  thrust  to  not  tail 
tutor i thrust,  uirocatioaks* 

JK  - tail  rotor  radius,  ft 
Tq  « tail  rotor  thrust  to  compensate  for , train 
rotor  iorqev, -t 

X «*  distance  from  centerline  of  main  rotor  to 
centerline  of  toil  rotor,  ft 


» “ m density,  sfog/ft’ 

¥ « yaw  nta,  rad/sac 

¥ “ yaw  mambtniam,  rad/aac* 

fi  - tadi  rotor  relational  spud,  rad/sac 

Eq.  5-22,  which  is  dawsl  from  Ref.  SS.  considers 
the  blada  lift  regain  d far  tail  rotor  pracmaina —d  to 
provide  a spadfiwd  aeafesatina  ia  yaw. 

t «14  TwfaS 

Uadi  twist  decreasing  fircai  inboard  to  outboard  is 
sud  to  improve  the  fsawisi  load  distribution  (and, 
tknfaw,  props*  res  efBctoacy)  of  the  tail  rotor  ia 
tha  static  or  lew-spaed  Aaalat  cans.  The  twist  required 
to  «*ir  *«■*«»  pcepuMve  tBkuac y bsccresa  pesur 
whh  hcmtit{  dak  toadfog.  Kowvc,  nfchougk 
netful  ia  gyuraiairg  rotor  parfonaeaoB,  Made  twist 
cm  have  advtras  effects  oa  thr  reveres  thrust  charac- 
twiatkfs  of  a gjwwi  rotor. 


5S5J  Bads /WfeH  ftMtea 

The  choice  of  the  airfoil  section  influence*  overall 
mi  aad  performance.  Maximum  th  urt  is  deser- 
miMsd  by  the  waxinHWi  opesaJng  lift  coefficient  of 

the  iwii,  iiiu  tk  faTijn  Cwiw  hmauiv  ia  been? 

ups*  pitching  soossjt  characteristics.  Many  toil 
rotors  uto  NACA  0012  and  0015  airfoil  sections, 
wbacb  have  a pitching  moment  of  essentially  wro 
ever  the  usual  operating  range. 

Beams?  the  star  and  weight  ©f  tail  rotors  are  direct- 
ly dependent  upon  the  maximum  operating  lift  coef- 
ftcwro:,  the  use  cf  cambered  airfoils  is  bong  ecu- 
a*te:z^  The  more  important  characteristic*  of  two 
ctmfcwsd  sections  considered  suitable  toil  rotors 
are  shown  in  Tsbie  3-5  along  with  the  cfouactcriuiocs 
of  tbr  tym  netric  NACA  0011  for  comparison. 

The  NACA  21012  airfoil  is  typical  c I s class  of  air- 
foil sactiocs  whose  camber  is  primarily  over  the  for- 
ward ruction  -.i  the  airfoil.  Compared  vith  the  sym- 
metrical tttrfoil,  this  results  in  an  improved  Qnw* 
with  only  v ic^ul  increase  in  pitching  moment  coeffi- 
cient Cu  S>e  NACA  64,-412  is  typical  of  the  lami- 
nar-flow air.’  fils  (NACA  63,  64,  65,  and  66  scries) 
evolved  to  piovide  tow  values  of  minimum  section 
drag  coefficient  C0nt,n  by  ntsintr.muce  of  laminar 
flow  over  mucV  ..f  their  wirfao;,  along  with  goi-i 
high-spued  lift  and  dreg  charrWcrisUcs.  Due  to  tbv; 
fact  that  the  cti-.-.’-cr  is  distributed  over  thv;  cjiurs 
chord,  the  pitching  mor.»f»«t  coefficient  it  qaite  irc^:, 
?i  shewn  in  Table  5-5. 

Tk.c  vaiurs  aw  shown  for  comparison  on- 

ly. Values  tspsul  >oy  ciwit  include  ww  nation  for 
openidssg  vs!u»  of  hin.cts  and  Reynolds  nymbeit  ana 
for  leaditig  edge  rough  »s*.  Ftiiu.v  ia  £pf’y  no&v 
Mty  c&'tmtkms  tr  airfoil  mcuod  wib  ns»u!  in 
def&cknt  tail  rotor  capability. 


**#**#*& 


By  suitable  design  sod  balancing  of  the  rolct 
Made,  negative  (notedowa)  pitch sag  moment  can  be 
reduced.  For « numpfc,  by  using  a sutuaiy  stiff  Made 
with  preconiag,  and  by  bakoung  the  Made  well  aft  of 
the  aarodynamk  earner  (Fig.  5-  55),  it  may  be  posaihle 
to  u«  the  mapoawt  of  centrifugal  force  normal  to 
the  blade  chord  against  the  negative  aerodynamic 
pitching  moment.  However,  when  the  CG  is  iu««i 
aft  the  centrifugal  centering  moment  (tennis  racket 
effect)  may  be  mcmaed  and  the  desired  iacrcaae  in 
ameup  moment  may  not  occur.  Another  method  of 
himdHag  the  pitching  moment  » by  wing  boost.  In 
a*>  caat,  control  boost  may  be  nnoutary  in  large 
nsiioeptm  to  obtain  the  required  time  response. 

Mi  TAIL  Mm»  PERFORMANCE 
Once  tbc  tad  rotor  configuration  has  been  kIrM 
the  performance  can  be  estimated  for  the  zero  veloci- 
ty condition  by  using  the  sastc  procedures  at  for  a 
hovering  main  rotor  (tec  par.  3-2,  AMCP  706-201). 


. TABLE  5-5 

AERODYNAMIC  CHARACTERISTICS  OF 
SEVERAL  AIRFOIL  SECTIONS  SUITABLE  FOR 
TAIL  ROTOR  3LADCS 


AlWOH 

! c, 

m<p* 

NACA  001? 
NACA  2X12 
NACA  04  412 

1 68 
1 78 

1 67 

0 

-0  015 
-0  070 

r< 
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S4.7  STRUCTURAL  CONSIDERATIONS 
S-9.7.1  Structural  D/wmfes 

The  placeman : of  the  Batumi  frequencies  of  the  Ac." 
rotor  is  extremei/  important  in  muring  the  etnictui  .> 
integrity  of  tbe  system.  The  effects  of  main  rotev 
aerodynamic  excitation  must  be  considered.  For  in- 
stance, tbe  main  rotor  may  contribute  frequencies  a: 
tbe  tail  roto.  corresponding  to  one,  two,  four,  and  sis 
pea  rev.  A threo-pesr-rev  frequency  in  die  nesting 
system  abo  may  be  found.  A swannery  of  the  radia- 
tion sources  is  shown  in  Table  5-6  (from  Ref.  59). 

Guidelines  for  placement  of  the  tail  roeoi  naud 
frequencies  have  boat  developed  (Ref.  59)  and  are- 

1.  AU  vibration  modes  occurring  below  15*3  Hi 
should  be  considered. 

2.  The  ns.ura!  frequencies  of  the  tail  rotor  should 
not  be  coincident  with,  nor  in  dose  proximity  to,  any 
exciting  force  frequencies  for  steady-state  operating 
conditions,  including  ground  idle. 

3.  Natural  fieqnsnckj*  coincident  with  the  excita- 
tion source*  shown  in  Table  5-6  should  be  avoided 
for  at  kail  the  first  two  modes. 

Addition*!  detain  of  the  placement  of  toes'  natural 
frequencies  may  be  found  in  Ref,  59. 

5-5.7 JL  Stmsnswnsl  irajhq 

The  inciurion  of  the  first  four  lowest  frequency 
modes  {osxt-of-pUne  and  inptanc)  is  sufficient  to 
represent  pteady-sUte  rotor  bchevior.  The  aerody- 
namic blade  loads  may  be  calculated  by  classical 
techniques,  with  the  local  blade  segment  aerody- 
namic coefficient  defined  as  a fiMction  of  Mach 
number  snd  angle  of  attack  for  the  cssigii  operating 
condition  (see  par.  3-2,  AMCP  706  201).  Thr  cfkcu 
or  induced  velocity,  resin  rotoi  velocity,  fin  inter- 
ference, and  clastic  ftwibsck  velocity,  as  appro- 
priate, must  be  included  to  obtain  the  proper  overall 
loads. 


TABLE  5-6  SUMMARY  OF  TAIL  ROTOR 
EXCITATION  SOURCE v 


source  frequencies  blade  mode 

anisotropy, 

UNBALANCE.  dl'SI,,  INPLANE 

OUT-OF-TRACK 

STEADY  STATE 
FIXED  SYSTEM 
EXCITATION 

TRANSIENT 
FIXED  SYSTEM 

excitation 

ibu j ,NaANE 

tlmr  | 

bnU„,f  j COT-OF-PLANE 

Wf'  ‘i  ,,  INP1  ANE 

cj,  out-of-riane 

main  hotqr 
AERO  EXCITATION 

WlR,*il|r  ( 

Uit'i  i ,NFlANf 

tlblCr  11m  OUT-OF-  plane 

S-f.7.3  Mail  Stmctaml  Aaaly tk 

When  Made  sections,  XifTnest,  and  mast  distribu- 
tion*! Stave  been  selected  and  the  externally  distriju- 
tni  lead*  calculated,  the  next  task  is to  esiabtith  the 
structural  integrity  of  the  blade.  The  internal  drain 
(strew}  distribution  among  the  element*  of  the  bladt 
is  computed:  the  resultant  stress  levels  are  compared 
with  allowable  levels  that  test  and/or  experience  have 
shown  will  preclude  failure  during  the  life  of  the  sys- 
tem 

There  are  two  genet  ai  categories  ol  design  loading 
conditions  c Kiidtrcd  in  binds  design  ultimate  con- 
ditions and  'rtigue  coadittotu.  The  blade  must  have 
an  ultimate  strength  .'*0%  greater  than  the  highest 
peak  load  ansidjated  during  the  lifetime  of  the 
system.  The  btadc  also  muse  have  fatigue  Mttngth 
sufficient  tc  prevent  a failure  dss  to  alternating  loads, 
f utpericnoe  has  shown  tliat  fatigue  usually  is  the  more 
critical  design  condition. 

In  fatigue  analysis,  a spectrum  of  fatigue  loads  and 
the;:  expected  numbe.  of  occurrences  to  the  lifetime 
of  the  is  dsvidoped,  This  i»  d'-rved  from  a 

miui'oii  analyse  h-1  ^voyjr1-*  for  all  maneuvers,  tuv- 
bulcunt,  climbs.  <!  vgi«s,  fr\i  load.'-,  end  pround-8ir- 
grcunl  c/clcs  (se.i  Chapter  4,  AMCP  706-20!  and 
Chap;  ,1  o'.  AMO*  '06^03). 

The  fa%.  \ strength  of  the  co’irpor.iot  generally  is 
given  in  -ic  c.ir.  a S-N  curve  derived  front  tear 
data.  The  magnitude  ar.d  shape  of  the  curve  are  a 
function  of  material,  sties*  concerns*  ions,  environ- 
mental conditions,  and  magnitude  of  concurrent 
st«tdj  stress. 

The  influence  of  steady  stress  on  fotiuus  sticngfn 
may  considerable  and  must  he  considered  in 
fatigue  analysis,  lu  tail  rotor  blades,  the  steady  st:r«a 
generally  is  equal  to  the  altenv.ting  itrcsc,  a 
reduces  the  allowable  alternating  stress  by  arfroxi- 
mately  20%,  depending  on  the  materia*. 

As  with  main  rotors,  tail  rotor  blade  design  v r.v 
iterative  process  of  developing  a blade  w ith  adcqtVr 
aerodynamic,  physical,  and  dynamic  chat  act eristics, 
and  fatigue  integrity.  If,  at  any  stape  in  the  design 
process,  an  inadequacy  is  deleted,  the  design  pro- 
cess begins  once  again  until  all  required  character- 
istics are  achieved. 

S-9.7.4  Aeroeiatridfy 

Problems  due  io  acroclasticity  have  been  en 
countered  in  the  installation  of  tail  rotors.  These 
problems  have  resulted  in  undesirable  flying  qualities 
at  hiph  speeds.  An  example  of  such  a problem, 
termed  “tail  wagging",  was  encountered  on  an  ex- 
perimental helicopter.  The  rotor  was  mounted  on  a 
fin  that  projected  above  the  tail  boom.  A natural  fre- 


quency of  the  Loom  in  torsion  was  coopted  to  the 
change  in  rotor  thrum  due  Ui  lateral  vsiodty  (inflow) 
so  that  mgativc  damping  was  cwoowstersd.  The 
change  in  uil  rotor  throat  due  to  the  notion  is  pro- 
portional to  lateral  flapping  6,  and  to  the  pitch-flap 
coupling  tan  i,.  It  was  found  in  this  case  that  nega- 
tive^ was  the  best  way  to  damp  the  system.  This  type 
of  problem  can  be  s voided  calj  through  easeful  con- 
sideration of  the  dynamic  characteristics  of  all  com- 
ponents of  the  helicopter. 

S-9.7.5  Flatter  and  Dhnpn 

Tail  rotors  arc  not  scaled-down  main  rotors.  Thou- 
forc,  flutter  and  divergence  problems  guaaialty  are 
not  u revere  as  for  the  main  lotcrs.  Usually,  the  tail 
rotor  blades  are  much  stifle?  than  those  in  main 
rotors  due  to  the  operating  environment.  Also,  the 
relative  inertia,  as  expressed  by  Lock  number,  is  of 
the  order  of  2.5  times  that  of  the  main  rotor.  Finally, 
aspect  ratios  of  tail  rotor  blades  are  much  lower. 
Although  these  factors  reduce  the  tendency  toward 
flutter  and  divergence,  problem*  with  tail  rotors  have 
occurred,  so  the  proper  combination  of  f,  and  pitch 
link  stiffness  must  bs  ust*!.  The  moused*  discussed 
for  the  main  rotor  (par.  5-4)  and  the  date  is  Rif.  59 
may  be  used  to  determine  the  design  details  necessary 
to  eliminate  this  problem 
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CHAFFER  * 

FLIGHT  CONTROL  SUBSYSTEM 


#-§  UST  OF  SYMBOLS 

ly  x n4i  dunfitg;  of  roUing  ■orowi 

with  retract  to  roil  data;  ft-lb/red-ecc 
Lg  » dibadrsi  (UbtM’.y;  dariveiivc  of  rolbag  reo- 
ntnt  wills  roapoct  to  yaw  angle,  ft-lb/tad 
1+  * roil  control  »auilt vitw , derivative  of  ratting 

RKMtHSl  WttS  TOIpKt  tO  OMIUuJ  lOpUt, 

fl-ib/wv. 

W,  * pilch  damping,  derivative  of  (Kicking  mo 
meat  with  respect  to  pitch  mis.  ft -St/ 

rad-cac 

W,  x ap^ed  nubility’;  tfenvaSiws  of  pitf&iog  kw>- 
iMfit  wish  ?eop*cc  to  fervswl  velocity; 
ft-ttt/fjjKJ 

M„  x ipguh  stability;  derivative  of  pitting  mo- 
BKtoi  with  respect  «o  pitch  anglt,  R-ib/rad 
Mt  » tile's  control  aeiu»nv;iy:  derivative  of 

piicims^  momiM  with  respect  Ut  control 
input,  ffl-lb/in. 

jV.  * yaw.  damping;  dcriv&tivic  of  yawing  mo- 

fftntfo  mjtntrt  fin  mij*  r»lcf  ft  Jh/rsioLwr 

h'g  x stolMiity;  derivative  of  yawing  moment 
with  respect  to  yaw  mngJs.,  ft-lb/rad 
JV4  * yRw  control  sensitivity;  derivative  of  yaw- 
ing luoiaent  with  respect  to  control  input, 
fi-lb/in. 

n x number  of  pitch  hnks,  dimensionless 
n,  x number  of  nonredundant  CMbpcnents 

having  the  failure  rate  /*, 

a',  x number  of  redundant  components  having 
the  failure  rate  P , 

»j  x number  of  nonredundarct  components 

t- 1 at-  . f-J.  n 

na*rii^  wtc  imiuiv  i atw  jr  j 

s'j  x nuiTiur  of  redundant  components  having 
the  failure  rat*  f*j 

Px  * failure  rate  of  aggregate  of  components, 
hr-* 

q x dynriuic  pressure,  pc,: 

Zw  x-  vertical  dsmping;  derivative  of  vertical 

force  with  rerpect  to  vertical  velocity, 
Ib/fpa 

Zt  x vertical  control  sensitivity;  derivative  of 
vertical  force  with  respect  to  control  input, 
Ib/in. 

{ « damping  retie,  dimensionless 

9 “ generalized  routine  about  a-..y  axis,  tad 

R x rotation*:!  speed,  rad/iec 

w,  “ undamped  i wtural  frequency,  rad/ sec 
»y  x frequency  of  inplane  (lead-tog)  mo- 

tion of  rotor  blade,  rsd/asc 


«-!  GENERAL 

Flight  oootrol  aytfcm  detail  d*ug»  ravotvm  tsaaa- 
faiag  o.  bsiicoptar  pcaiimiaary  design,  which  has  bean 
shown  to  satisfy  the  general  stability  nquiruxau 
elated  in  Chapter  \ AMCP  706-201,  into  e idhwd 
configuration  that  meets  the  miasioa  flyiag-qwd&y 
requirements.  The  paracraphs  that  follow  discuss  the 
influence  of  hriicofter  stability  requirements  upon 
the  detail  design  of  the  flight  control  system. 

6-1.1  DESIGN  METHOD 

The  airframe  manufacturer  — acting  as  the  system 
integrator  of  airframe,  control*,  and  stability  aug- 
mentation subsystem  — should  conduct  iterative 
and/or  competitive  trade-off  studies  Thcue  studies 
will  evaluate  the  performance,  cost,  safety,  reliability, 
and  maintenance  characteristics  of  oae  or  several 
cow  ol  systems  as  they  relate  to  the  ohsiec  require- 
ments and  flight  path  stability  specifications  referred 
to  within  this  chapter. 

4-1. 1.1  Peiet  «f  Ptpsrtare 

Tyj  kaliy,  the  pretinimary  design  result*  in  a defini- 
tion of  the  flight  controls  and  a first  estimate*  of 
stability  augmenuuo:?  subsystem  chssrasaeriatiss  Ural 
arc  believed  to  be  sufficient  to  permit  cotopiuwx  of 
the  helicopter  «i'*i  the  stability  and  control  apccs- 
ficatioiw.  These  pi.umin*ry  design  dote  include:  cen- 
tre' kinematics  ts  limit*  on  rotor  bhuk  or  aero- 
dynamic control  surfa/e  travel,  general  arrangement 
of  control*,  and  rm  chanical  advantages.  The  pro- 
limiauy  design  serve:,  as  a base  point  from  which 
dcr^r:  aiteutkitf?  are  proposed  for  the  purpose  of  im- 
proving system  capability,  reliability,  Maintainabili- 
ty, and  cost.  Thaw  design  alternatives  then  art  snb- 
jeded  to  a detail  design  trade-off  study  foi  asscss- 
ment.  Typical  considerations  to  Itc.revkwtd  arc: 

1 . The  level  of  helicopter  stability  required,  with  or 
without  augmentation 

2.  The  parameters  that  should  be  controlled,  and 
ti  t character  irfics  of  these  control  loops 

3.  The  automated  tasks  or  autopilot  (pilot  relief) 
functions  that  should  be  provided 

4.  The  need  for  maneuver  augmentation  to  pro- 
vide satisfactory  helicopter  response  to  pilot  control 
inputs  as  well  as  to  external  disturbances 

5.  The  use  of  single-,  dual-,  or  multichannel  ►©, 
diindani  systems;  augmentation  a-r^uator  locauo.v, 
and  whether  &ugntei.fatio>t  inputs  should  tv  in  scries 
wit>i  or  parallel  to  the  pilot’s  it, puts 
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m MLOilM*. 


M.U  DM* 

M1L-H-UQ1 
atabflky  c f tht 
fbMowing  are  m 


1.  CO  lireks  ia  Dw  vortical,  Mfeani,  and  loop 

cowpariaoa  with  other  psirreraters  (03  Irjuai  m a 
ftwwton  of  |roa  weight  for  towwikwapl  bati- 
eoptera) 

2.  ASowaMt  rotor  gptad  winwM 

3.  External  food  coafigMratien. 

Kseausc  M ability  is  w dependent  upon  the  favors 
cited.  task  effitcu  dwnU  be  svtluitd  throughout 
Ha  devnlopmeat  phot,  and  duritv  analysis;  anti 
teKiat-  Compliant*  wnfc  stability  apocifKatioas 
should  be  evaluated,  and  all  the  factors  weighed  as  to 
wnfcim  ra^wnomii. 


41.1.3  Back  HsMreptir  Data 

During  analysis  and  flight  testing,  date  on  the 
stability  characteristics  of  the  baric,  unaugmented 
airframe  should  be  aatabliatwd.  The  helicopter  system 
ia  likely  to  undergo  twwny  changes  in  its  automatic 
controls,  but  only  limited  airframe  changes,  during 
its  life  cycle. 

4U  ANALYTICAL  TOOLS 

There  are  two  basic  forms  of  mathematical  rep- 
resent&tion  for  assessing  vehicle  trim  and  stability; 
umall-pcnurbation  equations  and  total-force  equa- 
tions. 

The  typical  s»<uii-pcriUibatior.  equations  noted  in 
par.  6 -2,  AMC?  706-201,  expedite  the  aiscssmcsn  of 
stability  at  one  flight  conditk-n,  and  can  incorporate 
nonlinear  control  loops  readily.  These  equations  also 
are  adaptable  to  parametric  studies  using  analog  or 
digits!  computers. 

Total-force  equations  completely  describe  the  ab- 
solute forces  acting  up©.,  the  helicopter.  Howevci, 
they  requin;  a rather  Urge  complement  of  either 
analog  or  digital  computer  equipment  for  their  solu- 
tion. This  type  of  solvtioe.  is  (Koessary  wbei  in- 
vestigatidg  large  variations  in  fligh,  conditions  <i.e., 
•peed,  attitude,  &?4  lug.  U.ah  uig.  t, 

Wind  tunnel  testing  should  t-  conawOci.  in  order 
to  refine  the  matheosaticnl  mtxte,.  lniuenualion  con- 
cerning asrudyassaic  cheractetiSMCs  o<  the  fuaqr  , 


MLS  nWLATiON  AMD  TtfiSHNC 


Ground-bated.  piloted  fbgfet  srreatotocn  pnavida* 
an  •vatectan  of  asio/mciMW  traisftirrr  jiurnasni 
and  an  tetnaate  of  tbc  flying  gayanm  prax  an  t m 
flight  of  the  prototype,  h afro  allows  atehuaaal  Iron 
time  for  preparation  of  Miami  to  any  pateariii 
problems  indtetted  by  ssoautetMiu.  A siroutelwi 
capable  of  evaluniag  nurey  Mpscts  at  Ag^no— teal  m 
discussed  in  Ref.  I. 
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Became  mack  effort  is  went  rmienma 


attempt  to  define  “good  banobii^'  . LoseMy  tbm  is 
no  single  definition,  but  hchcapau  dynaauc  stability 
certainly  influences  tbc  pilot's  ability  to  oontiuf  tbc 
vehicle  and  his  acceptance  at  its  characteristic 
responses  to  external  disturbances.  Of  spc.iai  imurit 
are  the  magnitude  of  the  t-spoocc,  tiie  rapidity  with 
which  a steady  attitude  or  trim  is  ngsini,  and  tht. 
existence  of  any  oscillations  or  lightly  damped  re- 
actions. Engineers  work  to  quantify  tbc  rating  of 
handling  qualities  end  dynamic  stability  so  that  they 
arc  *w?  to  provide  futy?-  vehirW  with  dc**r%M* 
stability  and  to  make  predictions  or  comparisons  for 
existing  helicopters,  lbs  Utter  includes  prediction 
with  sufficient  accuracy  to  supplement  flight  testing 
activities  and  to  expand  the  engineer's  under- 
standing of  s&fety-f^ffight  topics. 

42.1  CRITERIA  AND  METHOD  OF  ANALYSES 

The  following  list  presents  the  more  significant 
topics  relating  to  helicopter  handling  qualities; 

1 . Control  po we. , sensitivity,  and  interaxis  coup- 
ling 

2.  Inherent  or  augmented  static  stability  and 
damping 

3.  Characteristic  ixk.u 

4.  Type  of  automalk  control  lytUm  and  v<u  tables 
oootroUad 

3.  Foust  feel 

6.  Magnitude  of  response 

7.  Inluwace  of  control  eunponeuts  upon  stability. 
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provides  wotfc&bk  gaidkiaw  far  » 
laMwhmg  hiadWig  tjaafatwa-  Cwny^ymt  wkii  the 
•pMifKMikM,  toiww*,  doss  roc  MUMiit)  pro- 
duoe  tfcs  dynamic  stability  levels  that  result  is  the  M 
haadiiqg  qneliriai,  asr  dM  it  iasurs  winux  sue 
OBBS. 

ComtdmtMMM  peniatMt  le  k4gc„v8ag  Iwhoopai 
•rmkm  eflectiwx^c,  afo>  4 with  wilw'i  of  aaaly- 
m,  aw  r mewed  in  th*  pa*ag.aphs  Utot  feflo*. 

4-i.i.l  Cnbk  Few*  mti  D>n  pfag 

Fur.  6 (.1,  AJ4CI  Xk*20i.  pi  mem  a Jktra  iiiu* 
tntuiaMlnkjkm  laoR^Ri’MiWKtulbr 
OpcrMMMtt  UMNC  to..-  WliilUUat  fLgst  rule  (I'-  JR) 
and  visual  fhgvi  rules  (VFK;  During  piei 
design  apsctficLJoe  uompliawx  is  obtained  by  pro 
«Nlui|  values  vitsu  tit  bOMKiarks  ikm  00  those 
chaU.  It  is  convenient  to  estimate  the  ufjutstto 
rtstnputg  dut  to  suuoiLiy  augrocnuuoi.  lymass  sue 
to  ptot  these  amis*  w Ha  stuns. 

The  Minimum  upur  dup  amcnl  res^onst  for 
ssict;  asirs!  ispa  «s-s.  Lea*  i"«cifkd  is  MI--H- 
SSOf  for  VFR.  01  1!  K cuaastioax.  as  sppi  ojns.  Thu 
isduriacit  places  « cmshu  upon  the  naxunaan 
supmentauon  loop  gx  1,  including  any  pilot 
maneuver. it&  compensation,  because  s high  gun  re- 
duces aiigdiu.  rate.,  and,  therefore,  angels:  do 
pUacstncm  * a giver.  U:  k These  cm  vim.  an.  con- 
struciee  to  control  sensitivity  ind  damping  cut  ves  fo 
the  wtet.  oil.  anu  ya*  control  axes  in  par.  6-3.1, 
AM  -F  70&-2C1.  /ilthiugh  gn.n  setting  by  these 
criteria  is  not  sufficient,  xnC  twj  Jiics  otnet  ana-yia,, 
this  method  docs  se.vt  as  a fir  it  estimate  lot  rate  coa- 
iroi  \vm>  iniifij.  TSii*  type  of  rat  ag  - sc  appUcask 
for  ai.  cudt  control  loops  wh.c..  mas  b_  ewalua;  xd 
for  their  spc-iiicaUor,  coti.piiunct  oy  using  tnnsieac 
analysn 

Vertical  conuol  sensitivity  Zt  sac.  veiuciu  oasnp- 
irtg  Zw  luce-rise  ure  raked  in  pier.  6--.5J  AMCI  VOo 
2(i.  These  parainetcrs  arc  fu*d  by  pc. atnn&ntx  con- 
sioc.auoiiu  unle-c.  the,-  air,  altercr.  by  sign  sanation 
controls.  Use  of  vertical  »u£  <icu.u,iio  a is  piotmbly 
due  to  the  preset  treno  to  iucorporbit  hove  noid 
systems  whicn  ac  control  loops  that  reg  urns  ver- 
tical vclocny  and  posi  m In  hover,  the  thrust  itvt 
commands  ei.icai  vein. sty  i»u  .1  a fitst-oruc:  .one  ap 
equai  10  the  reciprocal  jf  the.  vertiuu  dan. ping  Isis 
lay;  for  a ca  go  helicopter  is  »bou'  ‘ sec  (Zw—0.I 
set:  Tiu  * loi^  eac^gL  fo.  pi. an  op  ,101  asc 

woikloat  to  be  influenced  ir^UudChy  by  a SH  at 
greater  itiducUon  *<  um>,  coiwstau. 

For  asnaut  hcMtopixt  tyises  («^p.  tiil-roUii  *s 
hicks),  uie  rotor  is  not  m.  effective  jOwrcu  cf  roliiig 
Nomen  thiaughout  the  fhgit.  uivefofto  TMidorw,  u 


is  nowwry  to  ©aipiiy  cifeniM,  or  msin  other  rafi 
oootnd  dswkta,  in  avudef  l^ght,  «4nre  the  rotor 
«ba*t  mil  n— iwitkHy  it  psaratfei  to  ths  flight  path,  la 
prKuos  — sioca  this  *yp-  of  hofaoopMn  smhnta 
float  hooer  to  ertsiss  — the  rotor  stariy  is  phaaad  oat 
as  a roU-ooottol  source.  •vHh  tike  roU-camuol  hmctsoa 
ot  tbs  aibroos  ptogiomtvdy  tacesssiag  with  ainfiwd 
and/or  vshick  coa%unMaon  varutioii.  A sisuikr 
situation  exists  with  respect  to  the  pitch,  yaw,  and 
altitude  coat.  ok.  Fig.  6-1  is  an  iilustratioo  of  typical 
control  function  echadulhtg  for  the  roll  axis. 

ho  concise  flying  quality  spadlicatioo  aids  for 
tonhdicoptar  rotoccnft.  Tharafore.  the  procuring 
activity  generally  specifics  sense  composite  ap- 
plication of  M1L-H-8501  and  M1L-F-47I5  as  a fufco 
tkiEi  ol  airspeed  or  load  distribution  smotig  the  lift 
produen  *. 

4-2.U  Charaotristk  Reels 

Any  mode  of  response  detectable  and/or  directly 
controllable  by  the  pilot  shed  exhibit  a level  of  dy- 
namic stability  at  feast  eq>aal  to  that  specified  in  MIL- 
H-tUII,  This  specification  primarily  addresses  the 
longitudinal  <tv»  foi  VFR.  but  it  should  be  o»- 
tidmtd  s nranuxium  requirement  for  any  axis. 

Thcit  also  arc  requiraiieata  for  statiilluing  such 
responw  mcxks  us  are  not  under  the  direct  control  of 
the  p lot,  or  arc  controlled  by  hint  only  indirectly 
such  Hi  by  charging  flight  conditions  or  system  set- 
tings Examples  include  modes  influenced  by  stability 
augmentation  control  loop  coupling,  potential  acro- 
mechanLa!  resonance,  and  externe!  sling  load  dy- 
namic: These  modes  should  meet  the  MIL-  H-8501 
ct.^erix  for  applicable  VFR  or  IFR  conditions,  except 
ths  »iesv  MIL-H  8301  allows  divergence  cr  does 
nos  specify  a criterion,  tome  minimum  vcccpuble 
damping  should  be  designated  (e.g.,  0.03  damping 
ratio,  which  is  the  minimum  for  flutter  in  M1L-A- 
8870). 


KglMrc  6-1.  Typical  Cwntiel  Feet  licit.  Stfetdwkktg  for 
a TtU-cvrfer  Ahasft 


Mquan&ten*  are  specif  wri  ia  Mw  «■{' 
the  time  tmsaaosjy  ittt  the  ouMhm  ur  mmkuJc  ns  amg&- 
twti  * to  sdiMvt  half  e&tpfoutte,  a&*  therefore  are 
adaptable  readily  le  system  aesdyxs  tectmiques. 
Miktow  to  tia  bactiiiiKj  tetick  eq.uUoia  of  mo* 
tkm  mhifeii  bdift  frequsacy  wsd  rate  ot  dan j tiwiuc- 
ttriatka  kfoepeovs&i  of  tire  miuteer  to  *kk&  the  vehi- 
cle is  disturbed.  Ouupj  the  type  of  daturifoaoc 
changes  only  tte  msisiiuli  of  the  the  ft«- 

quavey  acts  rate  of  decay  (ntewa  of  etebilhy)  re- 
main uauHiKted.  The  chwicteriteic  roots  of  the 
aquations  of  motion  arc  a measure  of  this  tehiity. 
and  may  be  plotted  on  the  coiupba  plane.  These  plots 
have  the  saute  format  as  do  root  locus  plots  used  by 
servo  system  analytes. 

M.I1I  Mote  Mate 

A characteristic  root  pact  fo  an  unaugmeated  heli- 
copter is  shown  in  Fig  6-2.  The  vertical  scale  is  the 
damped  natural  fictjuascy  or  oompks  part  of  the 
rtMK,  the  left  half  (negative  ibam)  designate*  the 
stable  real  part  of  the  root  with  the  time  to  half 
aatpkuMte  as  scaled,  and  the  righ.  half  (posiuve 

awiu)  dmpiaaua  as  uwumc  nut  iumumki  with 
time  to  double  antpiuufc  m indwattai. 

The  VFR  criterion  bounoaiy  gives  in  MIL-H-SSOI 
alsti  is  pteud  in  that  figure.  Moot  nuimus  to  the  left 
of  the  boundary  hat  satisfy  me  spectfkatou  criteria. 
The  souxw-orefcr*  system.  damping  rxuc,  Mac  cither 
tac  undaroued  or  dunxpec.  neutral  frequencies  of  tlie 
plotted  roou,  Ate  obtainable.  The  uncUuapcd  nature: 
frequency  j,  is  the  iTt«$.nliJO  of  the  ntuius  veuoi 
Expenn.eri.ai  uau  or  coiup.Ucn  soi..Ucn»  of  tlh 
equations  of  motion  may  be  ( toiufo  c .needy  ii.  this 
forma-  so  as  to  indicate  system  prasuu  y 10  a ape  -i- 
iiotuoit  limit,  Experimental  data  art  uLsaatcri  either 
by  uung  a step  resume  and  extracting  Jae  damping, 
and  fre.juenc  (by  assuming  a second-on  cur  system,, 
or  by  a.ialop  jompater  matciting. 

Typicai  pious  are  shown  in  Fit  6-2  lei  a range  of 
airspeed*  iron,  uover  to  cruising  . ignt.  lr.  « <e  tnc 
heucuptei  exnious  an  unstable  osc.iatory  raoae  of  8 
sec  to  oouhie  amplitude,  ana  a s>ngle  t an  verge... 
aperiodic  root.  As  the  airspeed  increases.  He  sing" 
root  moves  to  the  right  ant!  become,  a diver  s:  . ru>- 
w Me  the  other  oscillatory  root  becomes  st^ss:  a us 
tkoeawe.  in  frequency. 

6-2. 1.2 .*  Modet  h:  Rquitd  Damputg 

The  tUruping  tcquircxuea  for  eitner  VFR  cr  LFR 
frequently  may  be  ex  cerate;  ».ih  only  minor  am- 
plication s*c  increase  ir,  joa  The-  damping  map  be 
increased  foi  three  reasowa: 

I.  Geseraliy,  weii-daeapeu  roots  are  less  likely  10 
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couple  with  otfesr  avur'c*  of  wapewB.  or  to  HapMd 
to  periodic  dwtarbasase,  das  arc  hphtly  damped 
roots. 

2.  Good  damping  radii  ote  pilot  worUoud. 

3.  Augmoatauoe  systems  having  posd  d— ping 
arc  Isas  pnet  to  limit -cycle  oacltetioui  with  » 

iubiysKMB 

Dampieg  raquiramauts  scuaby  ate  — ositaed  with 
a particular  moos  of  rapooss,  sad  these  lor  hub- 
copters  arc  ahaoci  khtical  to  those  for  Hudwiig 
aircraft,  except  for  the  hover  conditio*. 

A helicopter  with  stability  augtmutatKm  exhibits 
in  hover  a (oogyiiidutal.  ehorf-peitod  mode,  which  is 
prttkmuaaiady  k pitching  response.  The  mode  should 
be  atktquttfi^y  doi4peu  siaoe  it  is  the  pilot's  prime 
control  mode  both  ia  hover  and  ia  forward  flight. 
The  pilot  rarely  will  rate  the  vehicle  as  satisfactory 
(Coopsr  Kitting  of  3 5)  uites  the  medal  damping  is 
greater  than  0.3,  and  will  accept  a value  of  0.3  only 
when  the  frequency  is  the  most  favorable  for  a given 
flight  test  experiment. 

There  it  no  target  value  for  the  short-period 
natural  frequency;  this  might  be  established  best  in 

aunulsitvii  Situ  piwwijrpe  teat.  Thm£  «»  iipfu 
limits,  however,  because  increasing  the  frequency 
tends  to  aggravate  say  cxiaiirts  control  croas- 
ooupling  or  coupling  into  other  mode*. 

There  thill  be  no  object  foftsbvi?  Highs  characteristic 
auributabie  10  poor  speed  stability  (pfeugejid  mode). 
Any  long  aperiodic  or  long-period  (greater  then  10 
sec)  osdhatoiy  divergences,  s*  alloww?  in  the  present 
FllL-H-8501,  compromise  speed  stability  and  thus 
p.acc  ai.  added  workload  on  the  pilot.  Sack-fixed 
speed  stability  demands  that  all  roots  exhibit  stable 
de  nying  Helicopter  lateral-directional  flight  dy- 
na  nius  generally  exhibit  roll  subsiden-ie,  spiral,  and 
Di.  ch  roil  modes  similar  to  those  of  fixed-wing  air- 
era  u The  spiiai  *nd  Dutch  roll  modes  may  occur  at 
two  or  more  frequencies  in  helicopter*  with  lateral 
axis  liability  augmentation. 

R.  il  subsidence  is  an  aperiodic  response,  with  tire 
6me  constant  set  primarily  by  the  amount  of  roll 
dojfflp  ng  The  hin her  the  daniping,  the  shorter  the 
fttite  cons  Jut.  The  requirement  for  minimisiv)  dsmp- 
inj  ii  set  by  MlL-H-tXll,  e.g  for  a typical,  light 
(25>0-to)  vehicle  uncet  IFR  conditions,  the  require- 
mei, , is  a C 3-se.  lime  constant.  For  cargo  hcli- 
c p>.  :ra.  the  U R ipcuflcatior  allows  time  constants 
ir  6-.  of  1 sec.  Test  results  Iron,  a nap-of-thc-carth 
flqjh  typical  of  a weapon  01  reconnaissance  heli- 
eopu  sh  sw  a distinct  advwt .a&z  .n  reducing  the  roll 
sonu>  I li  ar  constant  from  C 3 10  0.12  sec.  This  test 
and  tv  spUmenial  data  on  rov.  control  response  are 
dteaJt.  in  Refs.  2 and  3.  The  valix  of  roll  damping 
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can  be  assessed  more  effectively  by  the  roll  sub- 
sidence time  constant.  For  missions  requiring  agility, 
the  time  constant  should  be  minimized,  consistent 
with  other  factors  such  as  pilot  acceleration  environ- 
ment and  lateral  pilot  induced  oscillation  (PIO). 

In  the  test  references,  the  low  roll  tire  constant 
was  obtained  with  a rig'd-rotor  vehicle.  However,  the 
same  response  can  be  obtained  with  a conventional, 
articulated  rotor  with  stability  augmentation.  Root 
and  transient  analyses  can  indicate  the  augmentation 


loops  needed  in  order  to  reduce  this  time  constant. 
Because  of  the  obvious  requirement  to  minimize  time 
delays,  any  lags  in  roll  control  actuation  also  should 
be  reduced  as  much  as  is  practicable. 

At  speeds  above  40  kt,  other  lateral  modes  of  the 
helicopter  are  comparable  to  those  of  fixed-wing  air- 
craft. Unfortunately,  MIL-H-8501  presents  no  VFR 
stability  criteria.  Poor,  and  even  unstable,  Dutch  roll 
characteristics  can  occur  with  M'L-H-8501  com- 
pliance. Poor  Dutch  roll  stability  under  conditions 


raqairtog  aoam&l  b— tote  owttral  pwc  aa  ettcsesi** 
b— foe  upon  the  pilot  Tha  ragmr— nmti  for  %-?W 
am A Dutch  rod  toiled  io  pars.  3.7.44  ood  3.74.5  of 
lUf.  4 shush!  In  mod  no nod.  Then  ore  similar  to 
fued-wtof  specifictoio— , ood  coo  be  met  with  rwdt- 
aa— Cary  stability  ufoeioboo  Amy  oouphas  of  the 
hdani  roil  aubmd— oc  and  -•'rial  mode*  (namnly 
refcnod  to  — i "spiral-fi  or  "toleral  pbugoid* 
wo4»)  should  oot  be  delectable  by  the  pilot 

M.UJ  Iwhmot  Alriraam  Snhflhy 

The  unaugm— tad  (tohereet)  stability  of  the  beb- 
copter  shod  baooosidend  folly  with  telnet  to  vehicle 
onQpntNs  and  flight  —tope  touts,  cveo  though 
■Hj—tmtoit  is  plaanod  This  is  oonasaty  becaure 
sMustraus  cm  arise  it?  which  augmeoatioo  system 
failures  miw*  the  pitot  So  fly  only  with  the  inherent 
vehicle  natality.  A ooto-effcetivemaw  cad  perfom 
uwedktiwMi  hsipt  trade-off  exists  between  the 
degree  of  flight  contro)  system  sophistication  and  she 
degree  of  inherent  ftobifcty  provided  by  the  h— to  beh- 
copter  oooftguration.  la  effecting  such  a trade-off 
toady.  the  level  of  stability  requited  under  failure  con- 
ditions ddf  be  defined  since  it  may  be  subject  to 
variatioa  with  the  flight  control  system  concept  used. 

For  cxsssplc,  consider  Use  following  tfcv*  rcUuw- 
ships  between  augmentation  sophistication  and  in- 
herent stability: 

1.  A reliable,  multiredundanl  augmentation 
system  can  tolerate  a significant  degree  of  inherent  in- 
stability. A vehidc  so  equipped,  however,  m*,y  not  be 
capable  of  flight  with  all  augmentation  switched  off. 

2.  A single-channel  augmcii’sti.on  system  will 
require  inherent  vehicle  stab'My  suitable  for  com- 
pliance with  the  VFR  requirements  of  MIL-H-850! 
under  augmentation  system  failure  conditions. 

3.  A dual-channel  system  will  require  an  inherent 
stability  level  somewhere  between  the  first  two  cases. 
A hardover  failure  of  one  channel  (while  operating  in 
the  normal  dual  mode)  can  produce  a vehicle 
response  that  causes  the  remaining  operating  channel 
to  experience  a saturation  in  opposition  to  the  failure. 
Such  a failure,  with  inherent  airframe  instability, 
results  in  a rapid  divergent  vehicle  response,  whereas 
the  vehicle  response  with  increased  positive  inherent 
stability  becomes  slower  and  more  easily  con- 
trollable by  the  pilot. 

A method  for  improving  the  inherent  longitudinal 
stability  of  single-  or  tilt-rotor  vehicles  is  the  ad- 
dition of  a horizontal  tail;  "differential  delta  three” 
(rotor  blade  flap-pitch  coupling  on  the  forward  rotor) 
can  be  used  with  tandem-rotor  vehicles.  Lateral- 
directional  stability  improvement  is  afforded  by  the 
tail  rotor  and  a vertical  Util  surfaoe  on  single-  or  tilt- 


rett.  mtchi— . whams  Asaelaga  asswdyni—irs 
(iufiUirfMg  the  aft  pytoa)  is  the  principal  aoum  of  in- 
pwiwxewt  for  lasiawshr  —hides. 

64.1X4  Varied—  «f  Pan  amirs 

The  effect  cf  added  stability  et^m—ttitoo  t+oa 
the  characteristic  ram  should  be  reviewed  thor- 
oughly oa  the  root  plots.  aqtaci>ifly  with  regard  no 
changes  iu  augmaututon  pine,  tiaac  cot— anti,  air-, 
quid,  aad  tr'^r*’  flight  costoitioaa.  This 
will  hdp  cave  tune  end  coat  by  indicating  rape—  of 
critics!  stability  and  regions  where  stability  is  too  sen- 
sitive to  certain  para— (trie  var  iations. 

The  root  plot  formats  fan porunt  to  design  are: 

1.  Basic  helicopter  vara—  suspend,  at  critics!  groat 
weights  and  at  both  —trams  of  tha  CG  range 

2.  Basic  helicopter  versus  airspeed.  — to  Item  I. 
but  at  the  upper  limit  d—igaated  for  tha  mtoaon 

3.  Helicopter  with  stability  alimentation  for  the 
conditions  in  Items  I tod  2. 

6-2.  U Type  ef  Centre i 

The  types  of  stability  augmentation  applicable  to  a 
given  design  vary  in  the  parameters  they  control  and, 
therefore,  in  how  they  aid  the  pilot. 

CKuiTiGh  SVjiuwiitwS  Cuiuiui  type*  tfs. 

1.  Rate 

2.  Attitude  and  trim 
Altitude  and/or  airspeed  hold 

4.  Heading 

5.  Hover  position 

6.  Special  augmentation. 

Rate  controls  provide  improved  damping  of  all 
augmented  degrees  of  freedom  (potentially  six,  in- 
cluding three  linear  and  three  angular).  This  type  of 
augmentation  aids  the  pilot  in  coping  with  the  short- 
period  responses,  but  does  not  prevent  long-term  roll 
drift  and  possibly  a sluggish  or  unstable  speed  hold, 
even  with  a stable  stick  gradient. 

The  addition  of  attitude  loops  and  trim  functions 
(such  as  lateral  accelerometers  and  speed-hold  loops) 
aids  the  pilot  by  providing  long-term  trim-speed  hold 
and  strong  sideslip  roll  attitude  and  pitch  control. 

The  pilot  then  must  provide  only  the  power  setting, 
altitude,  and  heading  control.  Finally,  the  use  of 
altitude-hold  and  heading-hold  removes  the  need  for 
pilot  input  to  the  controls.  Hover-position  hold 
loops,  and  controls  designed  to  impart  stability  to  ex- 
ternal sling  loads  in  forward  flight,  are  examples  of 
special  augmentation  controls.  ( 

6-3. 1.4  Transient  Response 

The  characteristic  root  analysis  only  partially  des- 
cribes the  handling  qualities  of  a helicopter.  The  mag- 
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■itudaof  valucia  raa 90mm  tooitos  pitot  inputs  or  ex- 

For  pilot  coertrai  mputa,  to  coMroi  amativsty 
ragui wntt  *«•  pweo  by  MIL-H-1501  foe  all  but  to 
vertical  axia.  IntBoooMpiitotioo  Mima  with  to  itro- 
dactioa  of  stahtfity  myetotioo  loops.  which  may 
tod  to  raduoa  to  cootral  seasilrvky.  Thin  effect  coo 
ba  oraraaaw  by  to  moorporatioa  of  cootral  input 
tot  fanwri  urn nurn  rati  Hit  approach  sot  omty 
ilhm  itaa  of  tfejti  pain  nogoMotatiou  for  omhohm 
wapoaoa  to  oxtaraal  dnutrbaooa,  but  alao  provides 
to  desired  aaaativity  to  pilot  inputs. 

la  tdhtiM  to  apadficattosa  for  longitudinal  eon- 
tral  aanaitivity.  MU.-H-850I  premie  a criterioe  for 
menouvar  stability.  It  stator  that.  following  a 
tpocifiod  stap  input,  to  aoaalaraUon  and  pitch  rate 
reaponsaa  iM!  be  concave  downward  and  con* 
varpant  in  not  nioia  than  2 aac  after  to  surt  of  to  in- 
put. A shorter  time  is  desired  for  attaining  a stabi- 
lised value  of  aoccteralioo.  especially  where  maneu- 
vering capability  is  eemtntial  to  to  ausoion.  Analysts 
can  indicate  methods  of  maximizing  this  pci- 
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feed-forward  and  loop  closures.  Suck  analysis  should 
include  any  significant  structural  dynamics.  For 
example,  elasticity  of  to  rotor  mounting  causes  a 
major  increase  in  to  time  requited  for  to  response 
to  become  concave  downward  (Ref.  ?). 

Tt  also  is  desirable  to  analyze  the  transient  response 
to  pulse  irnputj.  This  response  will  indicate  the  heli- 
copter behavior  in  turbulent  air.  An  assessment  of  to 
attitude  time  histories,  and  the  time  interval  required 
to  reacquire  to  initial  trim  Right  condition  with 
alternate  stability  augmentation  schemes,  is 
ivwiiiHicndvd.  For  augmentation  systems  employ- 
ing some  form  of  pilot  control  feed-forward,  the 
pulse  should  be  inserted  downstream  of  the  aug- 
mentation system  so  as  to  simulate  a turbulence  en- 
counter c.nce  pilot  pulse  imput  into  such  a system  is 
not  equivalent  to  an  atmospheric  pulse. 

In  addition  to  the  transient  response  analyses 
noted,  transients  associated  with  the  following 
maneuvers  should  be  assessed  with  respect  to  SAS 
authority,  control  margins,  and  vehicle  capability: 

1.  Jump  takeoff 

2.  Rapid  acceleration  from  hover  to  maximum 
level  speed 

3.  Quick  stop 

4.  Autorotation  entry  and  recovery 

5.  Hovering  turns 

6.  Pedal-fixed  turn  entries  and  recoveries 

7.  Fixed  collective,  constant  speed  turn  entry  and 
recovery. 

The  characteristics  of  residual,  limit-cycle  o*- 


dllatioM  nhgfif  be  uiiattitsd  within  vfr  lahh 
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Fig.  b-3  is  a graphical  prensntntion  of  allowable 
beaks  for  to  patch  exit.  The  aceeicratioa  require- 
ment aitahhahea  to  high-frequency  bcut,  aagultr 
to*  crtfaMinhas  to  middte  frequency  range,  end  an- 
gular diephe— nt  eetnbbaheo  to  tow-frequency 
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The  atsbibty  and  control  requirements  specified  or 
derived  for  to  baboopter  represent  to  design  ob- 
jectives for  to  Right  control  system-  Therefore,  each 
potential  (light  cootral  system  design  must  be  in- 
vestigated to  insure  that  it  docs  not  violiu  these 
operational  requirements.  Often,  a stability  aug- 
mentation system  will  exhibit  satisfactory  per- 
formance for  email-perturbation  maneuvers  or  dis- 
turbances, but  will  impair  vehicle  stability  severely 
during  large  disturbances  and  atmospheric  tur- 
bulence because  of  its  rate-limiting  or  saturation 

tabliah  the  operational  limits  of  to  flight  control 
system  through  analysis  and  experiment.  If  to 
system  limits  vehicle  stability,  it  must  be  re- 
configured appropriately  in  order  to  assure  speci- 
fication compliance.  Flight  conditions  for  which  such 
studies  must  be  made  include  high-rate  vehicle 
motions,  regions  where  stability  may  be  sensitive  or 
highly  nonlinear,  and  turbulent  air. 

The  influence  of  flight  control  system  sensor  out- 
puts upon  vehicle  stability  also  must  be  considered 
and  monitored  in  order  to  assure  proper  design  and 
u^iAuuii,  For  example,  n vertical  gyro  employed  as 
a pitch  angle  sensor  in  a body  axis  coordinate  system 
will  introduce  significant  inter-axis  coupling  at  large 
bank  angles,  because  the  gyro  operates  in  an  earth- 
axis  coordinate  system. 

The  effect  of  atmospheric  or  self-induced  tur- 
bulence upon  helicopter  stability  and  control  requires 
significant  attention.  A vehicle  that  has  satisfactory 
handling  qualities  in  calm  air  may  exhibit  large  at- 
titude and  rate  responses,  including  poor  speed  hold, 
in  gusty  air  due  to  poor  modal  damping  or  to  control 
loop  nonlinearities.  Response  to  atmospheric  tur- 
bulence shall  be  evaluated  over  the  entire  flight  en- 
velope. M1L-F-8785  provides  criteria  suitab'r  for 
gust  analyses  in  cruising  flight.  Attention  also  shall  be 
given  to  special  operating  requirements,  such  as  an 
external  cargo  hookup,  where  gusts  or  wind  shifts 
often  increase  the  demand  upon  the  position  sta- 
bility augmentation  system. 

Many  nonhelicopter  rotorcraft  are  subject  to  sta- 
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bilitv  degradation  from  aeif-induced  disturbances 
doae  to  the  ground  during  hover  or  low-speed 
operations.  This  phenomenon,  often  termed  “skit- 
tishness'’, is  believed  to  be  caused  by  the  totor  wake 
reflecting  from  the  ground  and  reimpinging  upon  the 
fuselage  or  wings,  or  being  reingested  as  rotor  in- 
flow. With  certain  combinations  of  vehicle  con- 
figuration and  flight  operating  variables,  this  re- 
impingement  and  reingeslion  becomes  oscillatory, 
and  results  in  large  random  responses.  If  the  flight 
control  system  is  foiced  to  suppress  skittishness,  the 
designer  must  insure  that  satisfactory  stability  aug- 
mentation and  control  margin  levels  arc  produced 

TABLE  6-1.  MAXIMUM  AMPLITUDES  OF 
LIMIT-CYCLE  OSCILLATIONS 
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Figure  6-3.  Allowable  Pitch  Control  System 
Residual  Oscillations 

6-2.2  AUTOROTATION  ENTRY 

Most  low-disk-loading  helicopters  have  the  capa  ■ 
bility  for  stabilized  autorotation  in  the  event  of  power 


failure  but  the  vehicle  characteristics  must  allow  safe 
entry  into  this  condition.  During  entry,  the  character- 
istics of  the  vehicle  shall  provide  a reasonable  pilot  re- 
action time  from  the  point  of  power  failure  to  initial 
corrective  action  (1  sec  minimum,  2 see  desired),  and 
should  permit  a pilot  of  average  ability  to  maintain 
control  with  adequate  margin.  Once  stabilized  in 
autorotation,  the  vehicle  should  be  capable  of  mild 
maneuvers. 

M1L-H-850I  states  that  the  rotor  speed  shall  not 
fall  below  a safe  value,  including  that  needed  to  main- 
tain hydraulic  and  electrical  power,  during  entry  into 
autorotation.  Other  factors  to  be  reviewed  in  con- 
nection with  this  maneuver  are: 

1.  Margin  of  control  power  available  to  overcome 
disturbances,  especially  near  zero  load  factor  and  for 
vehicles  with  fined  wings 

2.  Restriction  due  to  blade  stress  limits 

3.  Flapping  and  blade  clearance  with  respect  to  the 
airframe 

4.  Buffeting  due  to  wing  wake 

5.  Interaction  of  stability  augmentation  system 

6.  Magnitude  of  control  trim  change  resulting 
from  collective  pitch  rcouciio.i  necessary  to  ciiiei 
autorotation. 

Simulation  provides  an  excellent  method  of  evalua- 
ting the  average  pilot’s  ability  to  eflict  the  auto- 
rotation maneuver,  and  of  defining  potential  im- 
provements. 

Refs.  5 and  6 describe  the  difficulties  of  obtaining  a 
satisfactory  time  delay  in  the  event  of  total  power 
failure  at  an  airspeed  near  200  kt.  With  dual  engine 
installations  — where  the  probability  of  sudden, 
simultaneous  (less  than  2 sec)  failures  is  extremely 
remote  — it  may  be  reasonable  to  consider  only 
single-engine  failures. 


I 


I 
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6-2.3  SYSTEM  FAILURES 

When  a stability  augmentation  system  (SAS)  is 
used  — whether  it  is  electronic,  fluidic,  or  mechanical 
— the  potential  hazard  of  a hard-over  component 
failure  exists.  MlL-H-8501  requires  that  the  pilot  be 
able  to  delay  a corrective  control  input  for  3 sec 
without  the  response  exceeding  an  angular  rate  of  >0 
dcg/scc  or  a ±0.5  g change  in  normal  acceleration. 

The  influence  of  fligh*  conditions  and  CG  position 
upon  the  severity  of  the  response  to  an  SAS  failure 
should  be  reviewed.  Frequently,  an  aft  CG  position 
coupled  with  flight  operation  near  the  blade  or  rotor 
limits  is  the  most  critical  situation.  Stress  levels  upon 
recovery  ftom  a failure  may  be  an  additional  factor  in 
the  ability  to  satisfy  the  failure  requirements. 

Responses  to  SAS  failures  can  be  reduced  in 
magnitude  by  the  following  methods: 
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1.  Reduction  in  augmentation  system  authority 

2.  Increase  in  inherent  airframe  stability 

3.  Multichannel  redundant  systems. 

Selection  from  among  these  methods  during  the 
design  process  is  done  after  due  consideration  of  the 
other  flight  control  system  requirements  such  as  per 
formance  (especially  the  authority  needed  to  meet 
gust  and  maneuvering  requirements),  reliability, 
maintainability,  and  cost. 

Failure-effect  studies,  which  note  the  consequence 
of  each  component  failure,  should  be  conducted  in  an 
organized  manner.  These  must  identify: 

1 . Any  failure  that  cannot  be  tolerated,  such  as  an 
oscillation  due  to  loss  of  feedback 

2.  Any  compromise  in  control  margin 

3.  Failure  causing  multiaxis  response  too  difficult 
for  the  pilot  to  control 

4.  Ability  of  the  pilot  to  switch  out  failures 

3.  Consequence  of  subsequent  failures. 

As  an  example  of  Item  5,  after  the  first  failure  in  a 
dual  system,  the  remaining  system  must  meet  the 
failure  criteria  or  the  flight  envelope  must  be  re- 
stricted so  as  to  meet  the  failure  requirements. 

Pilot-in-the-lcop  simulation  is  a valuable  tool  for 

•iiojnnhng  o tiii/Jj  /\f  fflijnr*  mnrfar  nnfj  *|i»ir 

) impact  upon  detail  system  design. 

6-3  STABILITY  AUGMENTATION 
SYSTEMS 

6-3.1  GENERAL 

Par.  6-2  contains  numerous  inferences  to  stability 
augmentation  systems  (SAS).  Owing  to  the  in- 
herently poor  stability  of  a helicopter  rotor,  satis- 
factory flying  qualities  have  been  achieved  in  many 
cases  by  altering  the  inherent  characteristics  arti- 
ficially Such  techniques  are  called  mechanical  sta- 
bility augmentation. 

The  pilot  workload  associated  with  early  heli- 
copters was  very  heavy.  The  handling  qualities 
requnements  of  MIL-II-8501  have  been  developed 
not  only  to  reduce  this  workload,  but  also  to  in- 
crease the  mission  capability  of  the  helicopter.  The 
result,  however,  is  that  it  is  virtually  impossible  to 
satisfy  these  requirements  without  modifying  the  in- 
herent characteristics  of  the  helicopter  with  a rather 
sophisticated  SAS. 

6-3. 1.1  Bell  Stabiliser  Bar 

Perhaps  the  earliest  mechanical  SAS  is  the  Bell 
stabilizer  bar.  A bar  with  weights  on  the  ends  is 
mounted  pivotally  upon  the  rotor  shaft  at  right 
angles  to  the  two-bladed,  teetering  rotor  (Fig.  5-7). 
Mixing  levers  are  connected  to  the  bar,  and  through 


pushrods,  to  both  the  swashplate  and  the  blade  pitch 
arms.  Cyclic  pitch  input  to  the  blades  is  the  sum  of 
pilot  control  input  and  stabilizer  bar  teetering  mo- 
tion. Viscous  dampers,  connected  from  the  stabilizer 
bar  to  the  rotor  shaft,  control  the  rate  at  which  the 
plane  of  rotation  of  the  bar  and  rotor  follows  or  lags 
the  tilt  of  the  rotor  shaft.  This  lag  in  tilting  stabilizes 
or  damps  the  helicopter  pitch  and  roll  motion.  Ad- 
ditional data  may  be  obtained  from  Ref.  7,  and  pars. 
6-2.4.3.2  and  6-4.2. 1 of  AMCP  706-201. 

6-3. 1.2  Hiller  Serro  Rotor 
Another  early  mechanical  SAS  is  the  Hiller  servo 
rotor.  The  two-bladed,  universally  mounted,  under- 
slung  rotor  has  a gyro  bar  fastened  to  the  hub  at  right 
angles  to  the  blades.  On  each  end  of  the  gyro  bar  is  a 
short  paddle  blade  with  airfoil  cross  section,  whose 
pitch  is  controlled  cyclically  by  the  swashplate.  Cyclic 
pitch  imparted  to  the  servo  rotor  tilts  its  plane  of 
rotation,  resulting  in  a cyclic  pitch  input  to  the  main 
rotor  blades.  Stabilization  results  from  the  lag  in  the 
response  of  the  servo  rotor  to  tilting  of  the  rotor 
shaft,  and  the  consequent  pitch  and  roll  damping  due 
to  the  lagged  response  of  the  main  rotor.  Additional 
data  may  be  obtained  in  Ref.  S and  pars.  6-2.4. 5. 2 
and  6-4.2. 1 of  AMCP  706-201. 

6-3.1.3  Mechanical  Gyro 

Refs.  9,  10,  and  II  discuss  two  applications  of 
intermediate-size  (10-15  lb)  gyros  in  mechanical 
SAS’s.  The  first,  produced  by  Cessna,  is  a rate  gyro 
that  is  connected  mechanically  in  series  with  the  in- 
put from  the  pilot  control  stick  to  the  control  boost 
actuator.  This  system  acts  primarily  to  damp  roll 
motions.  The  second,  the  “Dynagyro”  by  Dyna- 
scicnccs,  is  a two-axis,  hydraulicelly  driven  unit  with 
rotating  damping  arranged  so  as  lo  align  the  gyro 
wheel  slowly  with  its  mounting  reference  in  the  fuse- 
lage. Outputs  of  the  gyro,  i.e.,  its  pitch  and  roll  dis- 
placements relative  to  its  mounting,  are  fed  into  hy- 
draulic boost  actuators  that  arc  connected  in  scries 
with  the  pilot’s  cyclic  pitch  boost  actuators  in  the  re- 
spective directions.  This  design  is  similar  in  principle 
to  the  Bell  stabilizing  bar,  except  that  blade  pitching 
moments  are  prevented  from  feeding  back  into  the 
gyro.  The  Dynasciences  SAS  also  includes  a 
hydraulically  driven  rate  gyro  mechanically  coupled 
into  the  hydraulic  boost  actuator  that  controls  tail 
rotor  collective  pitch.  This  provides  yaw  damping. 
No  electrical  power  is  required  in  either  system. 

Ref.  12  describes  an  all-mechanical  yaw  rate  gyro 
for  single-rotor  helicopters.  The  gyro,  located  at  and 
driven  by  the  tail  rotor,  tilts  about  a longitudinal  axis 
in  response  to  a yawing  rate  of  the  helicopter,  and 
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mechanically  changes  tail  rotor  collective.  Rudder 
pedal  displacement  moves  the  reference  point  of  the 
gyro  centering  spring,  biasing  the  system  for  turns. 

6-3.1.4  Lockheed  Control  Gyro 
In  later  versions  of  the  Lockheed  control  gyro,  a 
gyro  bar,  consisting  of  as  many  arms  as  the  rotor  has 
blades,  is  mounted  universally  upon  the  rotor  shaft 
above  the  rotor  hub.  Pitch  links  connect  each  arm  to 
a pitch  arm  cn  the  following  blade.  Push  rods  also 
connect  each  arm  to  a point  directly  below  on  the 
swashplate.  Spring  capsules  in  the  linkage  between 
the  swashplate  and  the  control  stick  enable  the  pilot 
to  exert  a moment  upon  the  swashplate.  This  moment 
is  proportional  to  stick  displacement,  and  is  trans- 
ferred to  the  control  gyro,  which  p recesses  in  the  ap- 
propriate direction  90  deg  of  rotor  rotation  later.  The 
tilt  of  the  gyro  results  in  an  input  of  cyclic  pitch  to  the 
main  rotor  blades.  Rotor  tilt  and  fuselage  tilt  follow 
because  of  the  relatively  high  flapping  natural  fre- 
quency of  the  hingeless  blades.  Additional  data  about 
this  system  may  be  obtained  in  Ref.  13  and  in  par.  6- 
2.4.3. 2,  AMCP  706-201. 

6-3. 1.5  Electrohydraulic  Si  AS 
In  order  to  achieve  acceptable  handling  qualities, 
many  helicopters  use  electrically  driven  and  sensed 
rate  gyros  to  measure  rates  of  pitch,  roll,  and  yaw 
(Ref.  14).  These  rate  signals  are  amplified,  shaped, 
cross-coupled  where  appropriate,  and  fed  into  elec- 
trohydraulic servo  actuators  in  series  with  the  con- 
ventional control  boost  actuators. 

6-3. 1.6  Fluidic  and  Hydrofluldic  SAS 
The  fluidic  SAS,  which  is  operated  by  air  or  liquid, 
is  analogous  to  the  electrohydraulic  SAS  and  may  be 
substituted  for  it  (Refs.  15  and  16).  The  fluidic  SAS, 
with  specially  developed  angular  rate  sensors  having 
no  moving  parts  and  with  integrated  circuits  having 
m external  plumbing,  offers  advances  in  reliability 
and  significant  savings  in  cost  and  weight.  However, 
it  represents  an  advanced  state-of-the-art,  and  it  still 
may  suffer  from  problems  such  as  leakage,  tempera- 
ture sensitivity,  and  nuii  shift  of  the  sensors. 

6-3. 1.7  Flapping  Moment  Feedback 

Rigid-rotor  helicopters  exhibit  strong  noseup 
pitching  moments  with  an  increase  in  speed  or  in  up- 
ward gust  encounters.  One  method  of  counteracting 
this  tendency  is  to  sense  the  pylon  bending  moment 
and  to  apply  cyclic  pitch  in  such  a direction  as  to 
reduce  the  moment.  If  the  pylon  is  flexible,  its  de- 
flection due  to  rotor  moment  can  be  connected 
mechanically  into  the  cyclic  pitch  loop  at  the  proper 


phase  to  reduce  the  deflection  (Ref.  17).  This  concept 
has  not  yet  been  developed  fully. 

6-3.2  CRITERIA  FOR  SELECTION 

5- 3.2. 1 Augmentation  Requirements 

It  is  virtually  impossible  for  a helicopter  to  comply 
with  the  handling  quality  requirements  of  MIL-H- 
8501  without  some  type  of  SAS.  Selection  of  the  type 
of  system  to  be  installed  requires  evaluation  of  the  de- 
ficiencies of  the  unaugmented,  or  inherent,  charac- 
teristics. The  evaluation  criteria  include  both  the 
specification  requirements  and  the  requirements  im- 
posed by  the  missions  assigned  to  the  helicopter. 

Refs.  18  and  19  discuss  the  tailoring  of  helicopter 
handling  qualities  to  mission  requirements  exceeding 
those  set  forth  in  MIL-H-8501.  Par.  6-3.1,  AMCP 
706-201,  presents  recommendations  for  control 
power  and  damping. 

High-performance  attack  and  troop  support  heli- 
copters require  high  control  power  in  order  to 
achieve  the  necessary  maneuverability.  Good  damp- 
ing in  roll,  pitch,  and  yew  also  is  required  in  order  to 
prevent  the  helicopter  from  being  oversensitive  and 
difficult  to  hold  in  a given  attitude.  Furthermore, 
helicopters  become  more  divergent  at  very  high 
speeds,  with  the  result  that  speed  compensation  of  the 
stabilization  system  may  be  required.  By  means  of 
simulation  studies  with  alternate  hciicoptcr/SAS 
combinations,  it  is  possible  to  determine  a range  of 
gains  for  the  SAS  that  will  cover  the  extremes  of 
opciational  requirements.  During  flight  test  of  SAS 
prototypes,  adjustment  capability  can  be  provided  by 
means  of  calibrated  potentiometers  or  resistors 
(decade  boxes).  Final  values  for  system  gains  should 
be  based  upon  adjustments  made  under  actual  flight 
conditions  duplicating  those  of  the  required  mission. 
The  test  program  also  will  establish  whether  or  not 
the  gains  can  be  constant,  or  if  they  must  vary  with 
flight  speed,  gross  weight,  or  any  other  parameter. 

For  a smail  obseivation  helicopter,  the  require- 
ments of  MIL-H-8501  generally  are  adequate,  and 
the  simplest  mechanical  SAS  may  be  sufficient  to 
meet  them. 

6- 3.2.2  Helicopter  Size 

The  general  category  of  SAS,  mechanical  or 
power-assisted,  to  be  used  is  determined  by  heli- 
copter size.  Only  the  smallest  helicopters  can  use  all- 
mechanical systems,  because  the  rotor  feedback 
forces  that  the  SAS  must  overcome  are  correspond- 
ingly small,  In  helicopters  with  power-operated  con- 
trols (par.  6-4),  the  SAS  need  not  operate  directly 
upon  the  rotor  but  can  operate  at  a much  lower  force 
level  in  the  control  system  below  the  power  actuator? 
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(between  the  pilot's  stick  and  the  actuaton).  In  prac- 
ticc,  if  both  hydraulic  ; ,id  electrical  power  are 
available,  the  SAS  gyros  are  made  as  small  as  possi- 
ble and  their  output  signals  are  amplified  (electrically 
and/or  hydraulically)  to  the  power  level  required  to 
provide  inputs  to  the  control  actuators.  Dual  or  triple 
electrical  SAS’s  can  be  provided  below  the  Final  rotor 
control  actuator  with  less  weight  than  a single 
mechanical  system. 

MJJ  Type  of  Rotor  System 

It  is  possible  to  use  the  Bell  stabiliser  bar  or  the 
Hiller  servo  rotor  with  rotor  systems  having  more 
than  two  blades  (Ref.  20).  However,  some  of  the  ob- 
scure refinements  or  kinematic  relationships  nec- 
essary for  the  success  of  the  system  may  be  over- 
looked. For  example,  the  orientation  of  the  gimbal 
pivots  on  the  Bell  rotor  is  critical  in  order  to  prtvent 
driving  torque  from  acting  about  the  feathering  axis. 
In  the  Hiller  system,  the  amplitude  and  phase  of  the 
feedback  of  blade  flapping  into  the  cyclic  pitch  con- 
trol of  the  servo  rotor  paddles  are  very  important  to 
the  effectiveness  of  the  system. 

The  Lockheed  control  gyro,  which  is  processed  by 
forces  applied  through  springs,  is  applicable  only  to 
hingeless  rotors  01  those  with  an  equally  high  flap- 
ping natural  frequency.  In  order  for  a flapping  or 
teetering  rotor  to  exert  a moment  upon  the  fuselage, 
it  would  have  to  tilt  relative  to  the  rotor  shaft.  To  sus- 
tain this  tilt,  the  control  gyro  would  have  to  be  tilted 
bv  an  equal  or  greater  amount,  depending  upon  the 
linkage  ratio.  This  control  gyro  tilt,  90  deg  out  of 
phase  with  the  swashplate  tilt,  would  alter  the  phase 
of  the  maximum  spring-applied  force  upon  the  con- 
trol gyro,  causing  it  to  nutate  toward  the  swashplate 
tilt,  and  eventually  to  line  up  parallel  to  the  swash- 
plate.  In  the  case  of  hingeless  rotors,  with  their  high 
control  power,  the  required  amplitude  and/or  dura- 
tion of  control  gyro  tilt  are  too  small  to  permit  any 
noticeable  gyro  precession. 

In  general,  whenever  a rotor-mounted  SAS  is 
modified  from  its  original  form,  an  extensive  pro- 
gram of  developmental  and  qualification  testing  is 
necessary.  The  internally  mounted  electronic,  hy- 
draulic, or  fluidic  SAS's,  which  are  more  flexible  and 
less  dependent  upon  rotor  dynamics,  are  more  adap- 
table to  any  rotor  system,  The  electronic  SAS  gains 
are  adjustable  individually  in  pitch,  roll,  and  yaw 
directions;  can  be  made  variable  with  airspeed;  and 
can  be  cross-coupled  if  desired  to  compensate  for 
adverse  airframe  cross-coupling. 

6-3. 2.4  Helicopter  CoafiguraHoa 

Single-rotor  helicopters  can  be  equipped  with  any 


type  of  SAS  that  is  compatible  with  helicopter  size 
and  the  type  of  rotor  used.  This  is  because  pitch  and 
roll  attitudes  both  are  controlled  by  cyclic  pitch  in- 
puts to  the  main  rotor.  The  yaw  SAS,  if  used, 
operates  by  controlling  the  collective  pitch  of  the  tail 
rotor.  Thus,  each  SAS  input  to  the  helicopter  control 
system  i3  independent. 

On  the  other  hand,  tandem-rotor  helicopters  ob- 
tain longitudinal  control  by  use  of  differential  collec- 
tive pitch  of  the  two  rotors.  Obviously,  any  longi- 
tudinal SAS  will  be  required  to  change  the  thrust  of 
one  or  both  rotors.  Rotor-located,  mechanical  SAS’s 
— such  as  those  that  are  used  by  Bell,  Hiller,  and 
Lockheed  and  that  affect  only  cyclic  pitch  — are  not 
adaptable  readily  to  tandem-rotor  helicopters.  The 
necessity  for  mixing  all  controls  from  the  cockpit  of  a 
tandem  helicopter  before  they  arc  impressed  upon  the 
rotor  makes  it  more  straight-forward  to  introduce 
SAS  control  inputs  in  series  with  the  cockpit  con- 
trols before  mixing.  However,  in  large  helicopters 
that  contain  many  linkages  in  the  control  system, 
even  normal  amounts  of  play  in  these  linkages  may 
detract  from  SAS  performance.  Therefore,  the  SAS 
output  signals  for  the  respective  axes  should  be  mixed 
eicctricaiiy  in  ihc  same  munnci  anu  proportion  as  arc 
the  mechanical  controls.  Then  the  SAS  control  in- 
puts may  be  introduced  at  the  input  to  the  upper 
rotor  control  actuators. 

6-3.2.S  Suppression  of  Structural  and  Rotor  Mode 
Responses,  Vibrations,  or  Gusts 

Helicopters  whose  blades  have  an  inplanc  natural 
frequency  below  the  rotor  speed  consequently  have 
hi^h  response  to  horizontal  pylon  forces  at  fre- 
quencies of  rotor  speed  plus  lag  frequency  (A  - u>r).  If 
any  ef  the  airframe  modes  of  vibration,  either  flexible 
or  rigid  body,  has  a natural  frequency  that  is  near  the 
aforementioned  sunt  or  difference,  there  will  be  a 
tendency  for  annoying,  large,  transient  responses  to 
gusts  or  sudden  lateral  control  motions.  In  the  case  of 
resonance  at  the  difference  frequency  (A  =■  ur),  self- 
excited  destructive  oscillations  can  occur  in  the  air  or 
on  the  ground.  In  some  cases,  the  SAS  rol1  axis  has 
coupled  with  the  resonance  and  aggravated  it.  Thus, 
steps  shall  be  taken  either  to  eliminate  SAS  response 
to  the  mode  or  to  make  use  of  the  SAS  in  si  > 
pressing  it  Unless  a special  design  effort  is  mad: , the 
total  lag  of  SAb  sensors,  signal  shaping,  and  ac- 
tuators at  the  high  frequencies  of  the  transient  os- 
cillations is  liable  to  shift  phase  response  into  a region 
that  caures  divergence  rather  than  attenuation  of  the 
mode.  It  may  be  necessary  to  install  separate  sensors, 
filtered  to  respond  only  to  the  pertinent  frequency 
and  then  phase-adjusted  so  that  the  final  SAS  output 
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is  at  the  proper  phase.  Both  the  SAS  and  tiie  entire 
control  system  must  respond  to  this  frequency. 

Ref.  21  discusses  the  theory  that  /i-per-rev  vi- 
brations may  be  reduced  considerably  by  suitably 
phased  control  inputs  of  the  same  frequency.  This 
type  of  vibration  suppression  requires  large  amounts 
of  power,  and  shortens  the  life  of  the  control  system 
considerably.  If  such  suppression  is  to  be  used,  the 
control  system  and  SAS  frequency  responses  must  be 
approximately  15-20  Hz. 

When  dual  SAS  actuators  are  inserted  in  vertical 
linkage,  the  mass  of  the  actuators  may  induce  small 
control  motions  in  response  to  vertical  accelerations. 
In  a specific  case  involving  the  collective  pitch  lever 
with  friction  lock  disengaged,  the  weight  of  the  pilot’s 
arm  coupled  with  the  vertical  motion  of  the  heli- 
copter produced  a sustained  oscillation.  Mass  balan- 
cing of  the  control  linkage  and/or  the  use  cf  viscous 
dampers  are  methods  of  curing  these  oscillations. 

Gust  alleviation  by  means  of  control  inputs  re- 
sponsive to  gust-sensing  instruments  still  is  un- 
developed. Closely  allied  to  gust  alleviation  is  air- 
frame load  limitation  by  control  velocity  restriction. 
However,  the  control  requirements  of  the  two  tend  to 
conflict  because  gust  alleviation  requires  rapid  con- 
trol response.  Because  both  programs  have  as  their 
objective  the  reduction  of  airframe  loads,  the  gust 
alleviation  system  should  perform  the  duties  of  both. 
Ultimately,  the  SAS  will  include  the  functions  of  gust 
alleviation  and  load  limiting  in  addition  to  flying- 
quality  improvement. 

6-3.3  SAS  RELIABILITY 

The  expression  for  the  failure  rate  Px  of  the 
aggregate  of  components  in  a system,  as  shown  in 
Ref,  22,  is 


V.  +(j)p'  + n2P1  +(y),-2  . 
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wnere 

n,  * number  of  nomedundant  ct  .nporrents 
having  the  failure  rate  P, 
m number  of  redundant  components  having 
the  failure  rate  F{ 

n2  - number  of  nonredundant  components 
having  the  failure  rate  P2 

n’2  ■ number  of  redundant  components  having 

the  failure  rate  P2 

A mechanical  SAS  having  fewer  than  a dozen  pans, 
all  of  which  have  a very  low  failure  rate,  is  u!tr?i- 
reliable  compared  with  an  electro-hydraulic  SAS  with 
hundreds  of  parts.  On  the  olhet  ham*,  the  weight 
penalty  of  providing  redundancy  in  critical  parts  of 
the  electrohydraulic  system  is  not  great.  As  seen  in 


Eq.  6-1,  the  aggregate  failure  rate  is  highly  de- 
pendent largely  upon  the  amount  of  redundancy, 
given  that  the  design  insures  that  failure  of  one  re- 
dundant component  does  not  affect  the  operation  of 
the  other. 

6-33.1  Safety 

The  designer  must  be  cognizant  of  the  influences  of 
the  inherent  stability  level  of  the  helicopter  and  its 
SAS  performance  upon  flight  safety.  Added  stability 
margins  can  improve  safety  during  night  flying,  or 
during  limited-visibility  situations  caused  by  the 
presence  of  dust  or  snow  clouds.  During  such 
operations,  the  provision  of  improved  stability  levels 
allows  the  oilot  to  concentrate  less  upon  flying  the 
helicopter  and  more  upon  other  pilot  duties. 

The  flight  control  ay«*ctn  should  be  designed  to 
allow  the  pilot  to  detect  or  diagnose  a failure,  disarm 
the  failed  system,  and  effect  corrective  action.  This 
requirement  may  involve  some  for  l of  online  status- 
monitoring  for  the  various  control  system  elements. 

Design  compliance  with  the  current  Military  Speci- 
fications does  not  preclude  the  possibility  of  inad- 
vertent flight  operations  with  one  channel  of  a dual- 
channel  augmentation  system  inoperative.  Ir.  this 
type  of  failure,  the  differcnc.w  in  flying  qualities  is 
small  enough  to  be  undetectable  by  the  pilot.  Thus, 
the  pilot  may  enter  a flight  condition  in  which  failure 
of  the  remaining  SAS  channel  cannot  be  corrc*  ted 
within  a eascnablc  reaction  time. 

For  certain  critical  situations,  a need  exists  for 
automatic  control  activation.  For  example,  electro- 
mechanical SAS  links  should  revert  automatically  to 
a mechanical  lock  if  hydraulic  pressure  is  lost.  This 
eliminates  the  possibility  that  a sloppy  extensible  link 
will  create  control  difficulties  while  the  pilot  is  at- 
tempting to  cut  off  the  failed  system.  Another  exam- 
ple involves  external  cargo-handling  or  -towing 
operations,  where  it  may  be  necessary  for  the  load  to 
release  automatically  if  the  applied  moments  exc.ed 
safe  levels  of  controllability. 

The  results  of  the  failure  effect  analysis  (see  par.  6- 
2.3  of  this  volume  and  Chapter  3.  AMCP  706-203), 
including  any  supporting  piloted  simulations,  should 
be  reviewed  and  verified  by  flight  test.  These  results 
then  should  be  incorporated  into  flight  handbooks  in 
the  form  of  waning  notes  or  flight  restrictions  for 
various  failure  conditions. 

6-3J.2  SAS  Failures 

A discussion  of  SAS  failure  modts,  limitation  of 
authority,  and  time  delay  criteria  may  be  found  in 
par.  6-4.4,  AMCP  706201,  and  in  par.  6-2.3  of  this 
volume.  Failures  of  rotor-mounted,  gyroscopic  SAS’s 
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*re  not  discussed.  These  systems  shall  be  designed  «o 
m to  be  at  lets!  u reliable  « are  the  rotorcrafi  pri- 
mary flight  controls. 

6-3JJ  FtIUifc  Prladftet 

Fail-safe  design,  redundancy,  and  self- monitoring 
prinriplcs  also  are  discussed  in  par.  G-4.3,  AMCP 
706-201. 

6 3.3. 4 Battle  Damage,  Vulnerability 

Steps  shall  be  taken  to  reduce  SAS  vulnerability  in 
cases  where  loss  of  all  stability  augmentation  would 
abort  a mission  Duplication  or  triplication  of  ac- 
tuators and  hydraulic  systems  is  a valid  approach. 
SAS  actuators  should  be  designed  so  that  it  is  possi- 
ble to  lock  them  in  a centered  position  in  the  event  of 
loss  of  hydraulic  pressure.  Duplication  or  tripli- 
cation of  hydraulic  lines  docs  not  reduce  vulnera 
bility  unless  provision  is  made  for  automatically  cut- 
ting off  the  oil  supply  to  severed  lines.  Levers,  bell 
cranks,  and  pushrods  can  be  made  large  in  size  and  of 
light-gage,  low-stressed  material  in  order  to  r educe 
vulnerability  to  small  arm*  fire.  Critical  components 
not  readily  duplicated  should  be  grouped  and  pro- 
\ tccted  with  armor  (see  par.  14-3). 

6-3.4  COST 

6-3.4.  i Development  Coat 

The  cost  of  developing  a new  SAS  generally  is  in 
proportion  to  the  advance  in  the  state-of-the-art  rep- 
resented by  the  development  program.  A conven- 
tional SAS  for  a conventional  airframe  can  be  ob- 
tained from  off-the-shelf  components,  whereas  a new 
concept  for  a rotor-located  SAS,  or  for  sensors  based 
upon  new  technology,  may  require  a iarge  ex- 
penditure in  order  to  bring  it  to  production  status. 
The  new  concept  must  promise  a suffici-nt  increase  in 
cost-effectiveness  in  future  production  to  com- 
pensate for  the  high  cost  of  development. 

6-3.42  Production  Cost 

SAS  production  cost  can  be  reduced  by  adhering  to 
the  following: 

1.  Simplicity  of  design 

2.  Use  of  integrated  and  primed  circuits 

3.  Commonality  of  circuit  modules 

4.  Extensive  use  of  value  engineering  principles. 
Production  cost  increases  may  be  expected  with  an 
increase  in: 

1.  Number  of  system  components 

2.  Quality  or  precision  of  components 

■ 3.  Number  of  nonstandard  pans 

\ 4.  Number  of  parts  that  can  be  assembled  in- 

\correctly 


5.  Number  and  interdependent^  of  adjustments  to 
be  made  in  final  assembly 

6.  Number  of  parts  that  can  be  damaged  easily  in 
assembly 

7.  Degree  of  cleanliness  required  during  assembly 

8.  Unrealistic  requirements,  or  overemphasis  on 
singular  disciplines,  such  as  in: 

a.  Weight  reduction 

b.  Compactness 

c.  Functional  complexity 

d.  Reliability 

e.  Maintainability 

f.  Structural  integrity. 

6-3.43  MaiuteMuct  Coat 

A simple,  mechanical  SAS  composed  of  infinite- 
life  parts  (as  in  the  Bell  stabilizer  bar)  requires  main- 
tenance only  in  the  form  of  regular  inspection  and 
lubrication.  In  the  event  of  battle  damage  or  other 
failure,  repairs  can  be  performed  by  a qualified 
mechanic.  An  elcctrohydraulic  SAS,  on  the  other 
hand,  may  require  the  sei  vices  of  an  instrument 
specialist,  an  electronic  technician,  and  a qualified 
helicopter  mechanic.  Thus,  the  self-test  circuit* 
should  be  devised  so  as  *.e  indicate  exactly  which  sec- 
tion is  defective.  Removal  and  replacement  of  plug-in 
modules  represent  field  maintenance  at  lowest  cost. 
Added  to  this  cost,  however,  is  the  cost  of  main- 
taining adequate  spares. 

6-3.5  TECHNICAL  DEVELOPMENT  PLAN 

For  the  development  of  a conventional  (elcctro- 
hydaulic)  SAS,  the  plan  outlined  in  MIL-C-18244 
should  be  followed.  In  addition,  the  airframe  and 
rotor  dynamic  and  aerodynamic  properties  eventual- 
ly should  be  inducted  in  the  initial  system  analysis 
(MIL-C-I8244)  in  order  to  show  the  possible  exis- 
tence of  airframe  cross-coupling  and  the  need  for 
anticross-coupling  in  the  SAS,  as  well  as  to  show  the 
overall  behavior  of  the  SAS/airframc  combination. 
Six  degrees  of  freedom  of  the  airframe,  and  quasi- 
ncrmal  modes  of  the  ro\or  (inplane  as  well  as  flap- 
ping motion  of  the  blades),  should  be  used.  The 
resulting  equations  are  used  later  in  the  simulation 
studies  required  by  M1L-C- 18244.  The  simulation 
not  only  will  allow  the  pilot  to  evalute  the  system,  but 
also  will  permit  demonstration  of  the  several  types  of 
failure  of  the  SAS,  and  will  indicate  time  delays  per- 
missible beibre  starting  corrective  action. 

In  the  development  of  unconventional  SAS’s,  es- 
pecially those  involving  modified  rotor  dynamics, 
several  changes  from  the  procedure  in  MIL-C-18244 
are  recommended.  Unconventional  systems  require 
more  initial  system  synthesis,  or  concept  selection, 
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than  do  conventional  systems;  and  mode!  studies 
should  be  undertaken  as  an  aid.  The  models  can 
range  in  complexity  from  simple  mock-ups  of  gyro 
and  linkage  arrangements,  through  dynamically 
scaled  wind  tunnel  models,  to  remote  controlled 
flying  models. 

Tne  paragraph  of  MIl-C-18244  dealing  with 
model  studies  notes  that  experimental  models  may 
take  the  form  of  full-scale,  engine-driven  rotor  and 
SAS  assemblies,  suitably  mounted  upon  a truck  bed 
for  measurement  and  observation  of  dynamic 
behavior  under  forward-flight  conditions.  The  maxi- 
mum possible  experience  with  and  knowledge  of  the 
system  should  be  gained  before  the  start  of  testing  of 
a man-carrying  flight  article. 

Full-scale  wind  tunnel  trsts,  although  expensive, 
- an  be  used  to  test  the  flight  article  progressively  to 
conditions  beyond  the  extremes  of  the  projected 
flight  envelope. 

Further  substantiation  of  the  airworthiness  of  an 
unconventional  SAS  and  rotor  system  can  be  ob- 
tained by  operating  an  identical  system  on  a tie  Jown 
test,  where  a given  number  of  hours  is  require  i for 
each  hour  of  aciuai  fiighi  icsiiug. 

The  documentation  and  data  required  to  establish 
the  satisfactory  fulfillment  of  the  technical  devel- 
opment plan  are  described  in  MIL-C-18244,  sub- 
stituting SAS  for  automatic  flight  control  system 
(AFCS). 

6-4  PILOT  EFFORT 

The  helicopter  designer  must  consider  pilot  effort, 
or  control  system  loads,  from  two  points  oi  vie*..  The 
first  concern  is  the  significance  of  control  feel  with  re- 
gard to  flying  qualities.  Piion?  normally  fly  by  the 
physical  association  of  applied  force  and  the 
maneuvering  response  of  the  aircraft.  Therefore,  the 
cont.ol  feel  in  maneuvers  plays  an  important  role  in 
the  assessment  of  handling  qualities.  Stick  position- 
ing also  is  a fundamental  characteristic,  because  it 
holds  the  helicopter  in  the  selected  tnm  attitude  when 
the  controls  arc  released.  MIL-H-8501  provides  for 
stick  position  trim  and  hold  by  specifying  breakout 
forces  and  force  gradients. 

The  other  design  consideration  is  related  to  the 
structural  integrity  of  the  components.  The  com- 
ponents shall  achieve  specified  factors  of  safety  when 
subjected  to  loads  due  to  pilot  and  copilot  effort,  arti- 
ficial feel  devices,  power  actuators,  etc.  MIL-S-369S 
coven  this  aspect  of  pilot  effort. 

6-4.1  CRITERIA  FOR  POWER  CONTROLS 

Whenever  the  magnitude  and  line,  rity  of  control 
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loads  permit,  direct  mechanical  control  shall  be  used 
unless  there  is  a valid  requirement  for  power  controls. 
Direct  mechanical  control  is  the  simplest  and  most 
foolpioof  control  system.  However,  power-operated 
systems  may  be  required  wh*n  the  control  system  en- 
vironment contains  high  control  forces,  feedback  of 
vibratory  forces,  or  mixing  of  control  forces.  The 
control  system  designer  must  verify  a need  for  power- 
operated  systems  before  adding  their  cost,  weight, 
and  complexity  to  the  helicopter  design. 

6-4.1. 1 Control  Forces 

Not  all  helicopters  require  power  actuators.  For 
example,  on  small,  single-lifling-rotor  vehicles,  a 
system  of  weights  may  be  installed  in  the  anntoiquc- 
rotor  controls.  Centrifugal  force  acting  upon  the 
weights  balances  the  pitch  link  loads,  and  the  system 
is  adjusted  on  the  ground  to  compensate  for  the  con- 
trol forces  in  cruise.  The  pitot  cannot  trim  the  system 
in  flight,  and  accepts  the  unbalanced  forces  in  the 
pedals  in  hover  and  flight  modes  other  than  cruise. 
However,  this  is  a small  disadvantage  in  comparison 
with  the  simplicity  of  mechanical  design.  Also,  it  may 
be  feasible  io  design  a bungee  spring  that  will 
counteract  the  steady  download  in  collective  pitch. 

Medium-  and  heavy-lift  helicopters  generally 
require  power  actuators  due  to  the  magnitude  of  their 
pitch  link,  loads.  Pitch  link  loads  arc  sensitive  to  rotor 
blade  design  parameters,  both  aerodynamic  and  in- 
ertial. 

6-4.1. * Vibration  Feedback 

The  control  moment  of  a lifting  rotor  blade  is  a 
steady  pitching  moment  with  various  alternating  har- 
monic components  superimposed.  In  the  non- 
rotating control  system,  these  components  appear  as 
o-per-rev  forces  due  to  the  n number  of  pitch  links 
passing  over  the  attachment  point  where  the  non- 
rotating  controls  support  the  swashplatc.  The 
presence  of  these  vibrations  in  the  cyclic  stick 
generally  is  intolerable  to  the  pilot.  Vibration  ab- 
sorbers can  be  used  to  reduce  the  amplitude  of  the  vi- 
bration transmitted  by  means  of  a simple  mechanical 
system. 

6-4.1  J Kinematic  Effects 

The  generation  of  control  forces  and  moments 
along  and  about  the  various  axes  of  the  helicopter  is 
accomplished  by  combinations  of  collective  and 
cyclic  pitch  on  the  rotor(s),  as  discussed  in  par.  3- 
3.3. 1.3,  AMCP  706-201.  The  motions  of  the  cyclic 
stick  and  thrust  lever  (and,  on  some  helicopters,  the 
motion  of  the  pedals)  are  transmitted  through  the 
swashplate  to  the  rotor(s).  In  some  installations,  the 
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control  inputs  arc  transmitted  to  control-mixing 
assemblies,  vhere  they  arc  combined  before  reaching 
the  swashplate.  The  degrees  of  rotor  blade  angle 
change  in  collective  or  cyclic  pitch,  per  inch  of  con- 
trol travel  in  the  cockpit,  arc  the  dominant  con- 
sideration in  establishing  the  mechanical  ratios  in  the 
mixing.  Even  if  control  forces  arc  low  and  the  vi- 
bratory components  insignificant,  there  is  a cross- 
talk of  forces  from  one  control  axis  to  another 
because  of  the  mixing.  It  is  unlikely  that  the  mixing 
assemblies,  whic'  contain  components  sized  for 
stroke  or  travel  relationships,  will  produce  satis- 
factory force  relationships.  MIL-H-850!  sets  limits 
upon  control  force  cross-talk.  Fig.  6-4  is  a schematic 
diagram  that  illustrates  the  mechanical  mixing  of 
control  signals.  Fig.  6-5  shows  a mechanical  mixing 
assembly. 


Figure  6-5.  Mechanical  Mixing  Assembly 

6-4. 1. 4 Control  Stiffness 
At  high  airspeeds  and  disk  loadings,  the  onset  of 
rotor  stall  flutter  can  limit  the  flight  envelope.  One  of 
the  many  parameters  to  be  considered  is  the  com- 
pliance (stiffness)  of  the  control  ?y«* etr.,  particularly 
of  the  swashplate  and  its  support.  Hence,  another 
justification  for  power  actuators  is  based  upon  rotor 
performance.  Fig.  6-6  illustrates  the  installation  of 
power  actuators  for  tandem  helicopters. 

6-4.2  HANDLING  QUALITY  SPECIFICATION 

The  handling  quality  requirements  of  MIL-H-850! 
shall  be  specified  in  the  detail  specification  if  the 
rotorcrafl  under  design  is  a pure  helicopter.  How- 
ever, if  the  rotorcrafl  is  a high'  performance  /chicle 
with  fixed  wings  and  alternate  means  of  producing 
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horizontal  thrust,  the  detail  specifications  may 
■pecify  requirements  from  both  MlL-H-8501  and 
MIL-F-8785. 

The  requirements  for  control  feed  forces  in  normal 
helicopter  operations  are  found  in  M1L-H-850L.  The 
maximum  and  minimum  breakouts  and  force 
gradients  are  defined,  along  with  th;  limit  forces.  No 
gradient  is  specified  in  thrust,  because  a collective 
stick  holding  system  — e.g.,  adjusteble  friction  or  a 
breke  — generally  is  provided.  There  is  no  require- 


ment for  any  gradient  except  that  it  be  linear  from 
trim  to  limit  force. 

MIL-H-850!  identifies  the  maximum  control  feel 
forces  that  are  allowable  after  a failure  in  the  power 
boost  or  power-operated  system.  The  limit  force  in 
the  failed  mode  is  larger  than,  but  of  the  same  order 
of  magnitude  as,  the  limit  load  in  the  normal 
operating  mode.  Consequently,  if  hydraulic  boost  is 
requ;.ed  fc  normal  operation,  dual  boost  probably 
will  be  required  for  the  failure  mode. 
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Figure  6-6.  Powered  Actuators  (Tandem  Helicopter) 
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A prer  equisite  for  ari  effective  lyitem  control  is  a 
dc*ign  dtfiniuon  of  control  augmentation  needed  at  a 
function  of  toul  pilot  workload.  A force  fed  system 
may  require  no  pilot  control  in  order  to  maintain  a 
trimmed  flight  condition. 

6-43.1  feainl  Force  Cms 

The  control  force  sytem  should  provide: 

1 . Trim  position  identification  tha:  will  enable  the 
pilo*  to  feel  an  out-of-trim  condition  and  to  feci  and 
identify  trim  when  returning 

2.  Hold  control  in  trim  when  the  pilot  is  flying 
hands-off 

3.  An  increased  force  cue  to  indicate  increasing 
severity  of  maneuvering  wherever  it  occurs.  An  in- 
crease in  gradient  with  increasing  airspeed  is  recom- 
mended. Care  should  be  taken  to  avoid  force  cues  in- 
troduced to  the  longitudinal  control  due  to  collective 
inputs.  The  optimal  system  would  provide  a constant 
relationship  between  longitudinal  stick  forces  and  re- 
sulting aircraft  load  factor  during  maneuvera. 

The  control  force  feci  system  provides  an  im- 
mediate and  significant  cue  to  the  pilot,  indicating  the 
soptcr  response  to  control  command  in  any  flight 
cu  dilion.  This  tightens  the  loop  of  pilot  control  and 
vehicle  response,  and  enables  the  pilot  to  realize  op- 
timum control.  A lesser  performance  leads  to  use  of 
the  feel  system  only  as  a trim  hold  device,  and  the 
pilot  may  prefer  to  turn  it  oft  under  demanding  con- 
trol situations. 

6-43.2  Developmental  Test 

Moving-base  flight  simulation  can  be  useful  in 
developing  the  optimum  control  feel  to  suit  the 
heliennter  mission.  In  the  moving-base  simulator, 
pilots  can  draw  upon  past  experience  to  identify 
desired  force  feel  characteristics.  Stick  force  pro- 
portional to  rates  of  control  displacement,  helicopter 
angular  rates,  and  to  normal  accelerations  should  be 
investigated  so  as  to  insure  the  design  of  an  optimum 
system. 

As  the  functions  of  the  artificial  fed  system  are  ip- 
creased,  the  complexity  of  the  feel  unit  also  in- 
c i cases.  A design  requirement  for  a specified  linear 
gradient  in  the  region  of  trim  and  a different  linear 
gradient  at  greater  excursions  can  result  in  a feel 
system  with  more  than  one  spring.  Furthermore,  if  a 
requirement  exists  for  nonlinear  force  versus  de- 
flection characteristics,  cams  or  linkages  can  be  em- 
ployed. Fig.  6-7  is  a schematic  diagram  of  an  arti- 
ficial feel  system. 

Flight  safety  at  high  speeds  can  be  increased  by 
reducing  the  occurrence  of  high  rotor  loads  associ- 
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ated  with  excessive  control  displacement.  A dynamic 
pressure-sensitive  (^-sensitive)  control  force  feci 
system  produces  minimum  forces  in  hover  and 
maximum  force  gradients  in  high-speed  flight,  where 
the  sensitivity  it  greatqpt.  This  concept  is  an  alter- 
native to  use  of  a control  ratio  changer  in  the  pri- 
mary control  linkage.  The  g-feel  system  can  be 
modhenical  (with  ^-bellows),  electrical,  or  electro- 
hydraulic. 

In  fixed-wing  aircraft,  g-fee)  is  provided  foi  a 
slightly  different  purpose.  The  pilot  flies  the  airplane 
by  sensing,  among  other  cues,  normal  acceleration 
and  control  stick  forces.  Response  of  an  aii  plane  is 
such  that  the  change  in  normal  acceleration  p«r  unit 
of  elevator  deflection  increases  with  q.  If  the  arti- 
ficial stick  force  per  unit  of  elevator  deflection  also  is 
made  to  increase  with  q,  then  the  relationship  of  stick 
force  to  normal  acceleration  can  be  made  to  ap- 
proximate a constant  value  of  stick  force  per  g, 
regardless  of  flight  speed. 

Military  Specifications  useful  in  the  detail  design  of 
the  artificial  feci  system  include  MIL-H-8501,  M1L- 
S-8698.  MIL-F-8785,  M1L-F-9490,  and  MIL-F- 
18372. 


(B)  TRIM  CONDITION  CONTROL  DISPLACED 

CONTROL  DISPLACED  FROM  trim 

Figure  6-7.  Artificial  Fed  and  Trim  Schematic 

6-4.4  AUTOMATIC  CONTROL  INTERFACES 

Inner  loop  stabilization  signals  are  summed  with 
the  pilot’s  commands  through  electro/hydrome- 
chanic&l  actuators  in  series  with  the  pilot’s  controls. 
It  is  important  that  the  high-fiequency,  small-ampli- 
tude stabilization  signals  do  not  reach  the  cyclic  stick 
in  the  form  of  forces  or  deflections.  Thus,  there  is  a 
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need  for  a “no-back"  (a  device  to  prevent  the  feed- 
back of  forces)  located  upstream  of  the  SAS  series  ac- 
tuator. A stick  boost  also  will  perform  this  function. 
In  add-on,  if  the  helicopter  is  to  be  equipped  with  an 
autopilot  that  introduces  signals  through  actuators 
that  move  the  cockpit  controls  in  parallel  with  the 
pilot,  there  is  a requirement  for  compatibility  among 
the  inertia,  compliance,  and  damping  of  the  primary 
mechanical  controls  and  of  the  parallel  actuator. 

6-4.5  VULNERABILITY 

The  close  support  of  ground  operations  exposes 
the  U S Army’s  observation,  cargo,  utility,  and 
armed  helicopters  to  small  arms  and  automatic 
weapons  fire,  The  unprotected,  single-channel  flight 
control  system  is  vulnerable  over  its  entire  length. 
There  are  a number  of  ways  to  reduce  this  vul- 
nerability. 

One  method  is  to  make  the  components  so  rugged 
that  they  can  sustain  a hit  without  losing  their  struc- 
tural integrity.  However,  this  is  seldom  feasible,  es- 
pecially wheu  space  and  weight  must  be  controlled 
rigidly. 

Cert.in  areas,  such  as  the  cockpit,  will  be  pro- 
tected with  armor  piate  in  order  to  safeguard  the 
crew.  The  same  armor  can  be  used  to  shield  the 
mechanical  controls.  However,  it  may  not  be  feasible 
to  run  armor  plate  all  the  way  to  the  swashplatc. 

A redundant  control  system  not  only  helps  to  solve 
the  vulnerability  problem  but  also  improves  flight 
safety  reliability.  To  be  effective,  redundant  channels 
must  be  separated  physically.  Consideration  must  be 
given  to  single-channel  jams  and  disconnects,  to  ade- 
quacy of  control  if  the  remaining  channel  goes  to  half 
gair,  and  to  the  question  of  whether  the  con- 
figuration should  be  active-active  or  active-standby. 

6-4.6  RELIABILITY 

The  overall  reliability  of  a flight  control  system  de- 
pends upon  the  reliability  of  the  individual  com- 
ponents and  upon  their  arrangement,  which  may  be 
either  in  series  or  parallel.  If  the  helicopter  system 
specification  prescribes  a minimum  acceptable  value 
for  flight  safety  reliability,  this  value  may  be  so  high 
as  to  require  dual  mechanical  controls.  The  detail 
designer  first  must  establish  the  single  success  path; 
then,  if  system  reliability  is  inadequate  (a  value  less 
than  required  by  the  helicopter  system  specification), 
he  must  add  redundancy,  beginning  with  the  least 
reliable  components. 

The  reliability  of  a component  is  a function  of  the 
historical  mean  time  between  failures  (MTBF)  of  that 
component.  When  historical  failure  rates  are  used, 
similarity  between  the  env ronment  under  which  the 


data  were  taken  and  the  environment  in  which  the 
new  system  will  perform  must  be  assured,  or  ap- 
propriate adjustment  of  the  projected  rates  must  be 
made. 

Another  rationale  for  duplication  is  bated  upon 
failure  considerations.  A power  actuator  may  pro- 
vide the  required  reliability;  but  if  a failure  of  the  ac- 
tuator is  catastrophic,  a redundant  actuator  is  re- 
quired. Further  discussion  of  this  subject  is  con- 
tained in  pars.  6-5.2  and  9-2. 

MECHANISMS 

6-5.1  ROTATING  SYSTEMS 

The  rotating  controls  in  the  main  rotor  syteni  nor- 
mally include  the  rotating  swashplate,  the  pitch  links, 
and  the  drive  scissors.  These  components  are  shown 
in  a typical  arrangement  in  Fig.  6-8.  Functionally,  the 
rotating  swashplatc  translates  along  the  rotor  shaft 
and  tilts  in  any  plane  as  dictated  by  control  inputs. 
The  sw&ihplatc  translation  and  tilt  are  transferred  to 
the  blade  pitch  horn  through  the  pitch  links  and, 
thereby,  control  the  main  rotor  thrust  vector.  The 
drive  scissors  (a)  fix  the  positions  of  the  rotating  con- 
trols relative  iu  the  rotor  shaft  anu  roior  blades,  unu 
(b)  provide  the  load  path  for  the  conversion  of  drive 
shafl  torque  into  the  tangential  force  required  to  in- 
duce rotational  motion  in  the  rotating  controls. 

6-5. 1.1  Design  Factors 

Structurally,  the  rotating  system  shall  be  designed 
to  withstand  the  alternating  (fatigue)  flight  loads  in- 
troduced by  rotor  blade  torsional  moments  and  the 
maximum  loads  introduced  by  severe  flight  mameu- 
vers  or  during  ground  operations.  The  fatigue  loads 
are  periodic,  and  alternate  primarily  on  the  basis  of 
oncc-pcr-rotor-tcvolution.  In  other  words,  each  time 
the  rotor  blades  complete  one  revolution,  the  pitch 
link  load  completes  one  stress  cycle.  Therefore,  a 
high-cycle  fatigue  evaluation  is  required.  The  pri- 
mary loads  are  discussed  in  pars.  4-9  and  4-10, 
AMCP  706-201,  and  the  fatigue  evaluation  is  dis- 
cussed in  par.  4-11,  AMCP  706-201. 

In  addition  to  the  primary  flight  loads,  special  con- 
sideration shall  be  given  to  secondary  loads.  Failure 
to  evaluate  secondary  loads  properly  may  lead  to  sci* 
vice  problems.  Among  the  secondary  loads  that  shall 
be  considered  are  frictionJ  moments  in  rods  and 
bearings,  and  bending  moments  created  by  centri- 
fugal force.  A typical  pitch  link  rod  end,  with  a self- 
aligning  bearing,  is  shown  in  Fig.  6-9, 

Bearing  motion*  cf  ±6  deg  are  not  uncommon 
during  each  rotor  revolution.  The  normal  force  (pitch 
link  jad)  times  the  coefficient  of  friction  produces  a 


AMCP  706-202 


frictional  force  upon  the  spherical  surface  of  the 
bearing.  Rod  end  motion,  in  the  presence  of  frictional 
forces,  induces  pitch  link  bending  moments.  If  the 
rod  end  and  the  bearing  are  of  different  material,  dif- 
ferential expansion  due  to  temperature  changes  will 
alter  the  frictional  moments.  The  bending  stresses 
that  result  may  be  significant  and  should  be  evaluated 
at  the  same  time  as  the  primary  loads. 

A pitch  link  bending  moment  also  will  result  from 
the  centrifugal  force  acting  upon  the  weight  of  the 
pitch  link.  This  inertia  force  will  produce  a trans- 
verse deflection.  Although  this  deflection  may  be 
small,  its  effect  upon  pitch  link  strength  shall  be 
evaluated  from  a beam-column  standpoint  (sec  Fig. 
6-10). 

The  ultimate  and  limit  strengths  shall  be  sufficient 
for  the  maximum  static  leads  resulting  from  both 
flight  and  ground  operations,  including  loads  during 
the  blade  folding  if  applicable.  The  sources  of  these 
loads  are  discussed  in  pars.  4-6,  4-7,  and  4-8,  AMCP 
706-201. 

Compensation  for  tolerance  buildup  in  the  ro- 
tating control  system  and  the  rotor  blade  usually  is 
provided  by  pitch  link  length  adjustment.  Threaded 
rod  ends  arc  common.  1 lie  adjustment  provision  re- 
quires close  design  attention.  Positive  locking 
features  shall  be  provided  in  order  to  prevent  any 
length  change  after  system  rigging.  Such  changes 
could  be  induced  cither  by  inflight  vibrations  or 
during  routine  maintenance. 

The  pitch  links  shall  include  inspection  provisions 
so  as  to  assure  that  sufficient  thread  engagement  is 
present  to  provide  structural  integrity.  One  method  is 
to  provide  an  inspection  hole.  Fig.  6-11  illustrates  a 
turn  buckle  type  of  adjustment,  showing  the  in- 
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Figure  6-9.  Typical  Pitch  Link  Rod  End 


Figure  6-11.  Pitch  Link  Adjustment  Provisions 
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Figure  6-12.  Relative  Pitch  Llab  Rod  End  Position 

forces  a keyed  washer  against  the  turnbuckle,  and  is 
attached  to  the  washer  with  a cotter  pin.  The 
nut/washer  combination  prevents  turnbuckle  motion 
that  would  shorten  the  rod,  and  the  loekwire  pre- 
vents any  rod  extension.  The  relative  position  of  the 
rod  ends  is  maintained  by  an  internal  slot  ar- 
rangement. Proper  relative  rod  end  position  is  im- 
portan*  in  order  to  mure  tod  end  clearance  within 
the  swashp.Jte  and  pitch  horn  lugs  (Fig.  6-12), 

in  addition  to  the  rotation  relative  to  the  stationary 
controls,  relative  motion  occurs  within  the  rotating 
controls.  The  drive  scissors  has  two  horizontal  pivots 
and  one  universal  joint  to  accommodate  the  vertical 
and  tilting  motions  of  the  swashplatc.  Pitch  link  rod 
ends  have  self-aligning  bearings  to  accommodate  the 
small  angular  changes  between  the  swashplatc  lugs 
and  the  pitch  horn  caused  by  swashplatc  motions. 
Rod-cnd-to-lufl  clearances  shall  be  provided  in  order 
to  prevent  contact  during  these  motions. 

The  bearings  will  wear  during  service  exposure. 
Although  wear  may  reouce  frictional  moments,  the 
vibratory  levels  tend  to  increase  as  a result  of  the 
looseness  caused  by  wear,  and  bearing  replacement 
becomes  necessary.  Ease  of  bearing  replacement  is  a 
design  consideration.  Bearing  replacement  times  are 
established  by  TBO  test  programs  and  by  service  ex- 
perience. 

6-5.1.2  Teel  Results 

As  detail  design  progresses,  it  becomes  possible  to 
replace  preliminary  design  estimates  with  quanti- 
tative information  gained  during  bench  and  flight 
testing.  Chapters  7, 8,  and  9,  AMCP  706-203,  define 
the  procedures,  tests,  and  demonstrations  involved  in 
demonstrating  proof  of  compliance  with  the  design 
requirements.  Chapter  4,  AMCP  706-201,  describes 
the  procedures  for  fatigue-life  determination.  The 
discussion  that  follows  defines  methods  for  insuring 
that  bench  and  flight  test  data  are  sufficiently  timely 
and  complete  to  be  used  to  best  advantage  in  the 


detail  design  of  the  rotating  system. 

6-5.I.2.1  Bench  Tests 

Although  the  fatigue  analysis  of  the  rotating  con- 
trols may  be  thorough,  the  effects  of  the  complex 
stress  concentrations  introduced  by  locking  features 
and  threaded  connections,  along  with  other  un- 
certainties such  as  fietting,  preclude  an  acceptable 
analytical  fatigue  strength  determination.  Therefore, 
it  is  essential  that  bench  testing  to  determine  the 
fatigue  strength  of  components  be  coordinated 
properly  with  other  elements  of  the  design  process, 
and  that  the  fatigue  test  requirements  be  based  upon 
representative  — or,  at  least,  conservative  — service 
conditions.  The  factors  discussed  in  pars.  6-S.1.2.1.1 
through  6-5. 1.2. 1.4  influence  the  establishment  of  the 
test  requirements.  Component  fatigue  test  require- 
ments are  discussed  in  detail  in  par.  7-4,  AMCP  706- 
203. 

6-5.1.2.1.1  Test  Loads 

Although  it  is  desirable  technically  to  duplicate  all 
flight  loads  on  the  beach,  this  is  not  always  ar. 
economic  or  physical  possibility.  When  flight  loads 
will  not  be  the  basis  for  bench  test  loading,  an  analy- 
tical assessment  must  be  made  in  order  to  determine 
which  of  the  secondary  loads  is  significant.  In  the 
rotating  control  system  rod  end.  frictional  moments 
are  usually  significant  while  centrifugal  forces  are  in- 
significant. 

Steady  loads  in  rotating  control  system  com- 
ponents generally  are  low  in  comparison  to  the  al- 
ternating loads.  Consequently,  the  load  range  is 
through  zero,  thus  increasing  the  relative  motion  of 
components  and  the  possibility  o{  fretting.  Test  loads 
should  be  programmed  so  as  to  insure  loading 
through  zero. 

If  the  moment  induced  by  rod  end  friction  is 
significant,  It  must  be  included  in  the  test.  This  secon- 
dary load  must  be  phased  properly  with  the  primary 
load.  The  effects  of  end  moments  may  be  induced 
artifically  by  applying  eccentric  axial  loads.  Another 
method  is  to  use  stiff  bearings  end  to  induce  bearing 
motion  during  the  test.  In  wither  teat,  it  may  be 
necessary  to  evalute  temperature  extremes. 

6-5-1.2.1.2  Instrumentation 

The  correlation  of  flight  loads  to  bench  test 
measurements  is  a primary  consideration.  Unless  the 
load  distribution  upon  the  part  under  test  can  be  as- 
certained readily  from  applied  loads,  bench  test  speci- 
mens should  be  instrumented  and  calibrated.  Where 
a complex  bending  moment  exists,  a component 
should  be  instrumented  with  sufficient  bridges  to  de- 
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termini;  that  distribution.  The  location  and  type  of  in- 
strumentation shall  he  the  same  as  is  employed  in  the 
flight  load  survey. 

6-5.1.2.1.3  Quantity  and  Selection  of  Specimens 
A minimum  of  six  specimens  of  each  component  is 
required  for  definition  of  an  S-N  curve.  Where 
tolerance  is  a significant  factor,  specimens  should  be 
selected  from  those  at  the  adverse  end  of  the 
tolerance  band.  Dimensional  tolerances  of  critical 
parts  generally  are  tightly  controlled;  therefore, 
special  selection  on  the  basis  of  dimensions  usually  is 
not  required.  However,  selectivity  on  the  basis  of 
more  highly  variable  quantities,  such  as  rod  end  fric- 
tion, is  required. 


(-S.12.1.4  Interpretation  of  Data 
If  all  significant  secondary  loads  are  accounted  for 
during  bench  testing,  an  S-N  curve  and  endurance 
limit  can  be  established  as  a function  of  the  primary 
alternating  load.  The  endurance  limit  must  be  based 
upon  a statistical  reduction  of  test  data  so  as  to  ac- 
count for  scatter.  In  some  cases,  a further  reduction 

lObiUl  maj  ia.  appnvu  anaijtiMuj  lu  CidvT  tC  SC* 

count  for  a secondary  effect  not  included  in  the 
original  test  program.  The  preparation  of  an  S-N 
curve  from  fatigue  test  data  for  a limited  number  of 
specimens  is  described  in  par.  4-11,  AMCP  706-201. 


6-5.1 22  night  Tests 

The  characteristics  of  the  alternating  loading  on 
fatigue-critical  components  arc  determined  by  a flight 
load  survey.  A statistically  significant  data  sample 
should  be  obtained  for  each  flight  condit  ion  represen- 
tative of  helicopter  usage,  i.e.,  for  each  condition 
within  the  mission  profile.  The  requirements  for  a 
flight  load  survey  are  described  in  detail  in  par.  8-2, 
AMCP  706-203. 


Figure  6-13.  lastmtated  Pitch  XJ*k 


Figure  6-14,  lustnuaeated  Drive  Scissors 

6-5,1.2.2  1 Required  Iastnnnentatiou 

Pitch  link  axial  load  and  drive  scissors  bending  mo- 
ment in  the  plane  of  rotation  arc  the  primary  loads  in 
the  rotating  control  system,  and  must  be  measured. 
Secondary  loads  requiring  measurement  are  pitch 
link  bending  and  drive  scissor  radiai  bending.  At  least 
two  bending  bridges  are  required  in  order  to  de- 
termine the  distribution  of  each  of  the  moments. 

Typical  instrumentation  of  a pitch  link  and  & drive 
scissors  is  shown  in  Figs.  6-13  and  6-14.  As  a rule, 
each  of  the  pitch  links  is  instrumented  with  a tension 
gage  in  order  to  determine  whether  or  not  there  are 
any  differences  between  the  loads  from  the  in- 
dividual blades. 

6-51.2.2.2  Flight  CoaditHto 

Flight  loads  shall  be  obtained  for  all  mission  pro- 
file conditions  at  the  most  adverse  altitude^)  and 
helicopter  conflguration(s)  within  the  anticipated 
operating  regime  (see  par.  8-2,  AMCP  706-203). 
Loads  in  the  rotating  control  system  generally  are 
noncritiea!  in  unstalied  flight.  They  do,  however, 
react  to  the  onset  of  moment  stall  and,  therefore, 
usually  establish  the  structural  envelope  for  stalled 
conditions.  Consequently,  as  a minimum,  control 
loads  should  be  measured  at  the  conditions  most  con- 
ducive to  stall.  These  are: 

1.  Maximum  gross  weight 

2.  Most  extreme  CG 

3.  Maximum  altitude 

4.  Minimum  rpm 

5.  High  load  factor. 

6-5.2  NONROTATING  SYSTEM 

The  location  of  puah  rods  and  cables  must  be  dc- 
srmined  early  in  the  design  of  a helicopter,  prior  to 
the  selection  and  location  of  other  large  equipment, 
so  that  it  will  not  be  neceasaiy  to  rouie  the  control 
sytem  around  this  equipment. 
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The  control  runs  must  be  coordinated  with  each 
other  and  with  the  entire  airframe  in  scaled  layouts. 
Direct,  straight-line  routing  improves  the  control 
system  response,  reduces  friction  and  weight,  and  in- 
creases reliability.  Other  factors  that  m«st  be  con- 
sidered during  control  system  layout  are  vulnerability 
to  small  arms  and  automatic  weapon  fire,  jamming 
by  foreign  objects,  rigidity,  strength,  accessibility  for 
inspection  and  service,  and  techniques  to  prevent  in- 
co  reel  assembly.  All  pertinent  information  should  be 
shown  clearly  or,  the  small-scale  layouts  in  order  to' 
verify  the  design  feasibility. 

As  various  design  options  are  developed,  the  al- 
ternative configurations  should  be  evaluated  by 
means  of  a trade-off  study.  The  parameters  in  the 
study  may  include  — but  are  nut  limited  to  — per- 
formance, reliability,  cost,  safety,  weight,  use  of  stan- 
dard parts,  logistics,  maintainability,  and  vulnerabili- 
ty. In  such  a study,  weighting  factors  may  be  assigned 
to  the  various  parameters.  However,  because  the 
weighting  factor*  affect  the  outcome  of  the  study, 
th',/  must  be  assigned  judiciously. 

The  results  of  the  trade-off  study  upon  the  selected 
configuration  should  be  evaluated  isicfuily  during  a 
design  review.  The  purpose  of  the  review  is  to  insure 
that  the  selected  configurations  and  the  applicable 
specifications,  mock-up,  and  test  requirements  are  in 
accordance  with  objectives  established  during  the 
preliminary  design,  and  that  program  and  contract 
requirements  for  performance,  reliability,  cost,  safe- 
ty, maintainability,  standardization,  and  ease  of  in- 
spection arc  or  will  be  met. 

6-5.2.1  Pilot's  Controls  to  Pov  ,-r  Actuator 

A comprehensive  discussion  of  design  standards 
and  requirements  for  that  portion  of  the  helicopter 
flight  control  system  between  the  pilot’s  controls  and 
the  power  actuator  is  found  in  MIL-F-9490  and 
MIL-F-18372.  Although  there  are  minor  conflicts 
between  these  specifications,  the  helicopter  system 
specification  generally  will  define  the  extent  of  their 
applicability. 

The  loads  in  the  nonrotating  control  aystem  con- 
sist of  those  loads  present  in  the  system  at  ell  times, 
operational  loads  due  to  pilot  forces,  and  any  flight 
loads  fed  back  from  the  rotor  blades.  Constant  loads 
include  system  preloads  or  rigging  loads,  and  loads 
due  to  component  weight. 

The  values  of  the  control  system  loads  required  for 
design  are  given  in  par.  4-9.S.3,  AMCP  706-201. 
Included  are  the  pilot  effort  loads  applied  at  each 
control  input,  together  with  their  reaction  points. 
Criteria  are  provided  for  dual  control  systems,  dupli- 
cate systems,  distribution  of  loads  within  a system, 
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and  power  control  sytems. 

In  addition  to  tl.e  requirements  of  the  Military 
Specification  and  of  Chapter  4,  AMCP  706-201,  the 
following  list  of  requirements  and  general  design 
practices  are  applicable  to  the  design  of  hclico^er 
control  systems: 

1.  Push-pull  rods,  bctlcranks,  and  levers: 

a.  Each  bolt,  screw,  nut,  pin,  or  other  fastener 
whose  lots  could  jeopardize  the  safe  operation  of  the 
helicopter  shall  incorporate  two  separate  locking 
devices.  The  fastener  and  its  locking  devices  should 
not  be  affected  adversely  by  environmenva!  con- 
ditions. 

b.  Impedance  bolts  shall  be  used  where  loss  of  a 
bolt  can  cause  a catastrophic  failure. 

c.  Rod  assemblies  should  be  designed  with  only 
one  adjustable  end  fitting.  The  adjustable  rod  end 
check  nut  should  be  lock-wired  where  the  rods  are 
subject  to  vibration  or  to  hiph-frequency  load  re- 
versals. 

d.  The  natural  frequencies  of  push-pull  rods 
should  be  checked  against  the  forcing  frequencies  of 
the  rotorfs)  in  order  to  assure  that  the  system  is  free 
from  rcggngncg. 

e.  The  largest  diameter  and  longest  tube  con- 
sistent with  weight  and  strength  considerations 
should  be  used  in  order  to  provide  reduced  vul- 
nerability. 

f.  Maximum  clearance  in  the  clevis  joints  of  the 
push-pull  tubes  shall  be  provided  so  as  to  allow  for 
overtravcl  when  the  controls  arc  disconnected. 

2.  Torque  tubes  and  universal: 

a.  The  natural  frequencies  of  torque  tubes 
should  be  checked  against  the  forcing  frequencies  of 
the  rotorfs)  to  assure  that  the  system  is  free  from 
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b.  Universal  joints  should  be  used  where  mis- 
alignment exists  between  torque  tubes. 

c.  A double  universal  joint  assembly  may  be 
used  to  obtain  constant  angular  velocity,  provided 
that: 

(!)  The  driving  yoke  of  one  of  the  joints  is  90 
deg  offset  from  the  driving  yoke  of  the  other. 

(2)  Each  joint  is  operated  at  the  same  angle. 

(3)  All  shafts  are  in  the  same  plane. 

3.  Cables,  pulleys,  and  quadrants: 

a.  Cables  and  pulleys  should  be  used  only  v hen 
distinct  advantages  can  be  shown  over  a system  using 
push-pull  rods. 

b.  Cablet  tend  to  twist  over  each  pulley.  If  the 
twist  from  one  pulley  rides  onto  another  pulley,  cable 
wear  will  result.  Pulleys  thus  should  be  spaced  far 
enough  apart  so  that  no  segment  of  cable  runs  over 
more  than  one  pulley  during  full  travel. 
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c.  Unsupported  spans  of  150-200  in.  huva 
operated  satisfactorily.  However,  cable  idler  pulleys 
in  lon{  straight  runs  minimize  friction  over  fairhads 
and  grommets, 

d.  Close  spacing  of  cables  shall  be  avoided. 
Cables  should  not  pass  within  3.0  in.  of  structure, 
equipment,  or  other  cables. 

e.  The  angle  between  the  centerline  of  the  cable 
and  the  plane  of  the  pulley  should  not  exceed  0.5  deg. 

f.  To  the  maximum  extent  practicable,  cables 
should  run  along,  or  be  as  close  as  possible  to,  the 
neutral  axis  of  the  airframe  structure. 

g.  Friction  in  a cable  system  should  be 
minimized  by: 

(1)  Using  a minimum  number  of  pulleys 

(2)  Using  the  largest  practicable  pulley  size 

(3)  Using  the  smallest  cable  diameter  con- 
sistent with  strength  and  rigidity  requirements 

(4)  Designing  for  the  smallest  practicable 
wrap  angle  consistent  with  maintt.^.icc  of  jped 
cable  contact  and  pulley  rotation. 

h.  The  effect  of  changes  in  temperature  can  be  a 
serious  problem  in  control  cable  systems,  due  to  the 
difference  her  wet  the  coefficients  of  thermal  ex- 
pansion of  the  aluminum  airframe  and  the  steel  con- 
trol cable.  The  problem  is  less  sev  ere  in  pulleyless 
cable  systems  because  higher  rigging  loads  arc  per- 
missible. 

i.  Tension  regulators  may  be  installed  in  quad- 
rant and  policy  assemblies  in  oi  Jcr  to  allow  for  ex- 
pansion and  contraction  of  the  cables  without  ap- 
preciable variation  in  rigging  load. 

j.  Nylon-covered  cables  can  increase  cable  life 
by  damping  high-frequency  vibrations. 

k.  Cable  guards  shall  be  used  at  points  of  tan- 
gcncy  of  the  cable  to  the  pulley. 

4.  C bains.  The  use  oi  chains  shall  be  subject  to  the 
approval  of  the  procuring  activity. 

In  spite  of  the  inherent  advantages,  applications  of 
fly-by-wirc  techniques  to  helicopter  control  have 
been  slow  to  materialize.  The  substitution  of  fly-by- 
wire electrical  signaling  systems  for  conventional 
linkages  between  cockpit  and  swashplate  has  a 
number  of  potential  benefits.  However,  before  any 
fly-by-wirc  primary  flight  control  system  is  accepted 
for  production , a high  level  of  reliability  must  be  as- 
sured. 

The  advantages  of  an  electrical  control  system  will 
depend  upon  the  type  and  size  cl  the  helicopter  in 
which  the  system  is  installed.  For  example,  some  of 
the  benefits  to  be  expected  in  large,  hcavy-lift  heli- 
copters are  improved  flight  safety  reliability  and  re- 
duced vulnerability,  higher  fidelity  of  control,  and  re- 
duced weight.  The  characteristics  and  capabilities  of 
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a true  fly-by-wire  system  arc  cot  . pared  w..„  varic  * 
alternate  heavy-lift  helicopter  control  systems  it: 
Refs.  23  and  24. 

<•5.2.1  Power  Actuator  to  the  Swashplate 

Design  requirements  and  standards  for  that  por- 
tion of  the  helicopter  flight  control  system  between 
the  power  actuator  and  the  nonrotating  swashplate 
are  defined  by  MIL-F  9490  and  MIL-F-18372. 

In  addition  to  these  requirements,  important  con- 
siderations include  fail-safe  design,  structural  com- 
pliance, and  control  system  dynamics. 

Various  fail-safe  approaches  are: 

1 . Stand-by  design.  Two  equal-strength  load  paths 
arc  provided.  The  secondary  load  path  is  isolated  un- 
til primary  failure  occurs.  The  primary  load  prth  is 
visible  during  helicopter  inspections.  This  approach 
r quires  that  each  load  path  be  designed  for  infinite 

le  tj  insure  tnat  the  components  of  the  secondary 
will  last  between  overhauls  if  the  failure  of  the  pri- 
mary path  is  not  detected. 

2.  Load-sharing  design.  Tht  component  is  nude 
up  of  two  or  more  sections  or  laminations  that  arc 
joined  mechanically.  If  one  element  fails,  the  re- 
maining elements  have  full  It  id-carrying  capability. 
If  the  elements  art  bonded,  the  bending  agent  shall 
prevent  a crack  from  propagating  across  the  section. 
If  the  component  is  not  bonded,  other  antifretting 
barriers  must  be  employed.  A section  of  the  com- 
ponent consists  of  the  maximum  practicable  number 
of  laminations. 

3.  Crack-dctcction  design.  Design  technique? 
could  include:  pressure  drop,  oil  or  fluid  leak,  elec- 
trical detectors,  and  highly  penetrating  dye. 

Inadequate  structural  stiffness  can  affect  the  con- 
trol system  i.i  several  ways.  Deflections  of  the  air- 
frame can  introduce  inputs  to  the  control  system,  an 
effect  that  is  minimized  by  routing  the  controls  close 
to  the  neutral  axis  of  the  airframe.  When  the  support 
structure  is  not  stiff,  the  power  actuator  also  can  de- 
flect under  load.  If  the  control  system  output  is 
sensed  by  the  compliant  structure,  a limit  cycle  in- 
stability can  occu~  and  ultimately  may  destroy  the 
helicopter  if  it  is  allowed  to  proceed  unchecked.  The 
designer  shall  introduce  compensating  linkage  or  suf- 
ficient structural  stiffness  in  order  to  assure  that  the 
control  system  is  insensitive  to  deflections. 

The  primary  flight  controls  are  part  of  the  com- 
plex servo  system  that  determines  the  transient  and 
frequency  responses  of  the  helicopter.  In  this  system, 
the  mechanical  controls  play  a small  but  significant 
role.  In  addition  to  the  mechanical  controls,  per- 
formance of  the  servo  system  depends  upon: 

1.  Rotor  dynamics  and  aerodynamics 

2.  Inherent  helicopter  stability 
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3.  Power  actuator  dynamics 

4.  Automatic  flight  controls: 

(a)  Stability  augmentation  system 

(b)  Outer  loop  stabilization 

(c)  Automatic  trim  systems. 

5.  Pilot  i’<  the  feedback  loop. 

- Frequently,  the  mechanical  controls  and  the  power 
actuator  are  analyzed  together  as  a subsystem. 
Characteristics  of  the  mechanical  controls  that  have 
an  effect  upon  the  responses  of  the  servo  system  are: 

1.  Inertia  and  balance  of  control  system  com- 
ponents 

2.  Damping  at  control  stick,  actuator  valve, 
and/or  control  surface 

3.  Friction  at  control  system  joints 

4.  Looseness  of  control  system  joints. 

Friction  can  cause  control  system  hysteresis,  which 

prevents  the  control  stick  from  returning  to  the  trim 
position  once  it  is  displaced.  The  provision  of  posi- 
tive centering  requires  a preload  force  larger  than  the 
value  of  tite  friction  force.  However,  excessive  con- 
trol breakup  force  around  the  neutral  or  trim  posi- 
tion is  undesirable  because  it  results  in  a tendency  for 
the  pilot  to  ovcrcontrol  the  helicopter. 

Looseness,  the  result  of  excessive  buildup  of 
tolerances  and  wear  at  bearings  and  joints,  causes 
backlash  in  the  control  system.  The  effects  of  back- 
lash can  range  from  sloppy  and  unsatisfactory  con- 
trol characteristics  to  pilot-induced  oscillations. 

Dynamic  analysis  conducted  with  high-speed  digi- 
tal or  analog  computers  not  only  identifies  required 
characteristics  of  the  automatic  systems,  but  also 
identifies  design  requirements  for  the  mechanical 
system,  such  as: 


1 . Balancing  of  certain  control  components,  par- 
ticularly the  cyclic  stick  and  collective  lever 

2.  Stiffening  of  control  elements  and  backup  struc- 
ture 


3.  Installation  of  antibackhsh  springs  to  eliminate 
looseness 

4.  Additional  damping  at  stick,  actuator  valves, 
and/or  control  surfaces 

3.  Establishment  of  the  allowable  upper  limit  for 
control  system  friction. 

Major  accidents  can  result  from  improper  or  in- 
adequate maintenance  of  flight  control  systems. 
Specific  design  guidelines  for  maintainability  of  con- 
trol systems  include: 


1.  Understand  the  skill  level  of  the  maintenance 
personnel,  their  operating  environment,  and  the  type 
of  errors  they  are  likely  to  make 

2.  Replace  routine  maintenance  with  on-condilion 
maintenance  accompanied  by  adequate  failure  warn- 
ing 


3.  Incorporate  physical  barriers  against  incorrect 
assembly  and  installation  of  generally  similar  parts. 
The  design  shall  insure  that  the  omission  of  critical 
fasteners  either  is  obvious  during  ground  runup  or 
cannot  result  in  catastrophic  failure  in  flight. 

4.  Realize  that  the  same  maintenance  error  may  be 
repeated  in  all  paths  of  a redundant  system 

5.  Human  factors  engineering  should  be  applied  to 
design  for  maintainability  to  minimize  human  error. 

6-5.3  TRIM  SYSTEMS 

The  force  trim  system  is  provided  in  order  to  allow 
the  pilot  to  reduce  the  control  force  to  zero  when  the 
helicopter  is  trimmed  along  a stabilized  flight  path. 

M1L-H-8501  requires  that,  for  ail  conditions  and 
speeds  specified,  it  shall  be  possible  in  steady-state 
flight  to  trim  steady  longitudinal,  lateral,  and  di- 
rectional control  forces  to  zero.  At  all  trim  con- 
ditions, the  controls  shall  exhibit  positive  self- 
centering  characteristics.  Stick  “jump"  when  trim  is 
actuated  is  undesirable. 

Several  types  of  control  force  trim  systems  are  des- 
cribed in  the  paragraphs  that  follow. 

6-5.3.1  Disconnect  Trim 

The  handling  quality  requirements  can  be  satisfied 
by  a pre-loading  spring  in  combination  with  a mag- 
netic brake.  The  principal  advantage  of  this  method 
is  simplicity.  However,  the  magnitude  of  the  spring 
force  and  the  kinematics  of  the  system  may  combine 
to  produce  an  objectionable  kick  when  the  magnetic 
brake  is  released.  A damper  in  parallel  with  the  mag- 
netic brake  will  reduce  this  undesirable  charactti  istic; 
whenever  the  trim  button  is  held,  the  magnetic  brake 
is  disengaged  from  the  control  linkage,  and.  there- 
fore, the  trim,  or  force  feci,  springs  aiso  are  disen- 
gaged. In  a well-designed  system,  this  can  be  an  ad- 
vantage, as  it  simplifies  the  input  of  small  control  dis- 
placements such  as  those  required  for  precise 
hovering  control. 

6-5.3.2  Continuous  Trim 

An  alternative  to  the  on-off  system  is  a system  in 
which  the  trim  is  continuous.  Upon  activation  of  the 
trim  switch,  the  control  forces  are  trimmed  slowly  to 
zero.  In  this  system,  the  magnetic  brakes  are  re- 
placed by  electromechanical  actuators.  This  type  of 
trim  can  be  provided  readily  in  helicopters  that  are 
equipped  with  parallel  actuators  for  outer  loop  stabi- 
lization. However,  the  two-axis  (Chinese  hat)  elec- 
trical trim  switch  on  the  cyclic  stick  grip  can  activate 
only  longitudinal  and  lateral  trim;  the  directional 
trim  switch  must  be  located  elsewhere. 

1 o avoid  the  trim  switch  limitation,  it  is  possible  to 
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design  the  trim  circuit  so  that  when  the  pilot  de- 
presses the  trim  button,  the  trim  force  for  any  control 
axis  that  is  out  of  Irim  is  trimmed  to  zero  force.  If 
more  than  one  control  axis  is  out  of  trim,  all  axes 
would  be  trimmed  simultaneously  to  zero.  A detent 
arrangement  disengages  the  actuator  when  the  zero 
spring  force  has  been  reached. 

both  the  rate  at  which  the  actuator  operates  and 
the  authority,  or  maximum  value,  of  the  feel  force 
provided  by  the  continuous  trim  system  are  sig- 
nificant in  determining  the  acceptability  of  the 
system  No  specific  requirements  are  given  by  MIL- 
H-850I. 

6-5.3J.  Parallel  and  Series  Trim 

Artificial  feel  forces  may  be  trimmed  to  zero  with 
both  parallel  and  series  trim.  Parallel  trim  involves 
the  repositioning  of  the  neutral  (zero  force)  point  of 
the  unit;  thus,  a new  trim  position  for  the  entire  con- 
trol system  is  created.  Both  the  magnetic  brake  and 
the  continuous  trim  systems  arc  parallel.  Fig.  6-7 
shows  the  parallel  trim  actuator  in  the  schematic  of 
an  artificial  feel  system. 

Series  trim  involves  ine  inseriion  of  an  extendable 
link  in  the  control  system  between  the  feel  unit  and 
the  power  actuator,  and  produces  control  surface 
motion  with  no  stick  motion. 

Helicopters  with  fixed  wings  and  alternate  means 
of  producing  thrust  may  require  trimming  of  un- 
bocsted  aerodynamic  control  surfaces.  Elevators, 
ailerons,  and  rudders  may  be  trimmed  by  driving  a 
geared  trim  tab  through  electrical  trim  motors  with 
mechanical  override  provided.  In  addition,  the  pitch 
control  may  be  trimmed  by  adjusting  the  incidence 
angle  of  the  stabilizer  and  the  elevator. 

Trim  is  provided  in  order  to  balance,  or  reduce  to 
zero,  the  steady-state  control  forces  that  arise  from 
changes  in  helicopter  configuration  and  flight  con- 
ditions. The  vehicle  is  flown  normally  by  the  primary 
flight  controls  from  one  flight  condition  to  another; 
after  allowing  time  for  stabilization,  it  is  trimmed  to 
fly  hands-off.  To  use  the  trim  control  to  change  from 
one  flight  condition  to  another  is  a misuse  of  the  trim 
system.  Trimming  the  'ehicle  into  maneuvers  results 
in  loss  of  the  capability  to  return  to  the  normal  flight 
attitude  if  the  controls  are  released,  as  weli  as  in  loss 
of  the  feel  for  the  particular  maneuver  being  ac- 
complished. 

Constant  use  of  the  trim  system  when  it  is  not 
required  will  lower  the  system  MTBF.  Failures  may 
occur  at  extremes  of  control  travel  or  in  an  un- 
comfortable helicopter  attitude.  An  inoperative  trim 
system  can  create  unusual  stick  forces.  Runaway 
parallel  trim  produces  abnormal  control  forces,  and 


runaway  sene*  trim  cadres  a change  in  both  the  con- 
trol position  and  the  fc  rce  necessary  to  maintain 
trimmed  flight.  The  magnitudes  depend  upon  the  au- 
thority of  the  trim  system. 

in  addition  to  trimming  steady-state  control  forces 
to  zero,  a trim  system  may  be  used  for  trimming  of 
aerodynamic  forces  and  moments  (series  trim).  Trim 
at  the  incidence  of  the  horizontal  stabilize!  may  be 
used  in  single-rotor  helicopters,  trim  of  the  longi- 
tudinal cyclic  pitch  in  tandem-rotor  helicopter,  and 
trim  of  the  wing  incidence  angle  in  rotorcraft 
equipped  with  wings.  This  aerodynamic  trim  may  be 
programmed  automatically  or  operated  manually 
Fig.  6-6  shows  the  installation  of  an  automatic  cyclic 
pitch  trim  actuator 

6-6  SYSTEM  DEVELOPMENT 

6-6.1  GENERAL 

Design  and  development  of  the  helicopter  flight 
control  system  should  include  several  forms  of 
testing.  Objectives  of  this  testing  are  to  improve  the 
validity  and  accuracy  of  analytical  mathematical 
models,  to  insure  proper  consideration  of  the  human 
pilot  as  a controller,  and  to  permit  refined  develop 
ment  under  a full-scale  environment. 

6-6,2  MATHEMATICAL  MODEL 
IMPROVEMENT 

In  general,  the  mathematical  model  used  for  analy- 
zing the  helicopter  during  the  preliminary  design 
phase  considers  first-order  effects  or  characteristics 
and  incorporates  data  or  approximations  based  upon 
prior  experience  with  similar  systems,  subsystems,  or 
devices.  A margin  of  tolerance,  again  based  upon 
available  experience,  is  applied  to  these  results  prior 
to  their  assessment  with  respect  to  specification  com- 
pliance. During  detail  design,  it  is  necessary  to  im- 
prove the  accuracy  and  validity  of  the  mathematical 
model  in  order  to  insure  credible  and  cost-effective 
compliance  with  specifications.  In  this  regard,  wind 
tunnel  and  hardware  bench  tests  are  proper  tools  for 
engineering  application. 

64.2.1  Wind  Tunnel  Test 

The  aerodynamic  forces  and  moments  of  the  total 
helicopter  and  its  components  parts,  together  with 
their  derivatives  with  respect  to  many  of  the  variables 
required  for  stability  and  control  studies  (e.g.,  at- 
titude, control  deflection,  and  rotor  thrust),  can  be 
obtained  in  the  wind  tunnel.  Primary  interest  should 
focus  upon  the  static  stability  derivatives  Ma,  Ne,  and 
Lg\  the  damping  derivatives  Mr  Nr,  Lr  and  Zw ; the 
control  derivatives  L{,  A',,  and  Z4;  the  speed 
stability  derivative  Mu\  and  the  flow  field  character- 
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istics  affecting  the  helicopter.  These  data  should  be 
gathered  over  the  full  range  of  helicopter  con- 
figurations and  for  the  complete  night  envelope. 
Wind  tunnel  testing  also  can  provide  important  in- 
formation on  intcraxis  cross-coupling  effects. 

Measuring  the  damping  derivatives  directly  in  the 
wind  tunnel  generally  requires  complex  procedure* 
and  techniques.  However,  the  time  constants  as- 
sociated with  the  changing  aerodynamic  forces  and 
moment*  often  «rc  small  compared  with  vehicle 
rcponsc,  allowing  steady-state  wind  tunnel  results  to 
be  used  with  sufficient  accuracy  in  dynamic  analyses. 
For  example,  wind  tunnel  measurements  of  the  hori- 
zontal tail  lift  characteristics  and  the  downwash 
existing  at  the  'ail  location  can  be  utod  to  calculate 
the  pitch-damping  contribution  of  that  aurface, 
knowing  the  tail  am.. 

64.2.2  Hardware  Tench  Teats 

At  hardware  components  ct  the  flight  control 
system  become  available,  they  should  be  subjected  to 
laboratory  bench  tests  in  order  to  describe  ac- 
curately their  performance  characteristics.  These 
results  then  may  be  used  to  update  the  data  pre- 
viously employed  if*  the  mathematical  models.  The 
bench  testing  can  define  items  s'ich  as  stiffness,  fre- 
quency response,  threshold  level,  and  rate  limits. 

6-6 J GROUND-BASED  PILOTED  FLIGHT 
SIMULATION 

The  helicopter  flight  control  system  design  not 
only  should  result  in  compliance  with  the  minimum 
requirements  of  the  handling  quality  specification, 
but  also  should  maximize  th;  handling  quality  po- 
tential from  the  pilot's  viewpoint  with  regard  to  the 
mission  requirements.  Therefore,  detail  design  of 
complex  flight  control  systems  requires  that  the 
human  pilot  be  inserted  into  the  simulation  by  using 
cither  fixed-base  or  moving-base  piloted  flight  simu- 
lators. Fixed-base  simulation,  however,  does  not  pro- 
vide the  pilot  with  a realistic  environment  for  his 
body  sensors,  and  forces  him  to  respond  un- 
realistically or,'  sometimes,  falsely.  The  correct  en- 
vironment consists  of  a proper  representation  of  the 
helicopter  equations  of  motion  and  a proper  pilot  en- 
vironment, including  vision,  sound,  touch  or  feel,  and 
motion. 

Use  of  a high-fidelity,  moving-base,  piloted  flight 
simulator  is  a cost-effective  approach  to  the  en- 
gineering development  of  helicopters.  The  flight 
simulator  is  sn  engineering  tool  that  can  provide  high 
confidence  in  design  decision-making  regarding  new 
systems,  Application  of  moving-base  flight  simu- 
lation early  in  the  helicopter  definition  and  develop- 
mental cycle  identifies  pitfalls  and  potential  prob- 


lems, and  provides  a means  of  generating  good  flight 
vehicle  characteristics. 

During  the  put  few  years,  heavy  emphasis  hu 
been  placed  upon  efforts  to  identify  and  understand 
the  fundamental  technological  and  phyriological  fac- 
tors involved  in  the  man/machine  interface,  par- 
ticularly with  regard  to  nonhelicopter  rotorcrafl 
systems,  where  the  basic  vehicle  configuration  often 
is  dictated  by  the  pilot’s  control  ability.  These  efforts 
already  have  produced  a quantum  increase  in  the 
knowledge  of  control  system  theory  and  criteria,  sta- 
bility, human  factors,  handling  and  flying  qualnics, 
and  hardware  design.  Because  nonhelicopter  rotor- 
crafl are  advanced  systems,  their  ability  to  comply 
with  specifications  must  be  substantiated  prior  to  any 
significant  financial  expenditure.  Piloted  flight  simu- 
lation provides  the  means  for  assessing  and  demon- 
strating *the  adequacy  of  the  pilot/vehicle  system 
prior  to  hardware  procurement. 

Piloted  flight  simulation  should  be  employed  in  the 
development  of  any  system  wheu  the  pilot  is  in- 
volved directly  in  the  control  loop.  A partial  list  of 
flight  control  design  and  development  studies  that 
can  be  used  in  piloted  simulation  includes: 

1.  Susceptibility  to  piioi-induccu  oscillation  (FIG) 

2.  Analyses  of  failure  mode  effects 

3.  Definition  of  control  harmony  requirements 

4.  Height-velocity  capability,  with  emphasis  on 
human  factors 

5.  Handling  qualities  in  turbulent  air 

6.  Design  trade-off  studies 

7.  Scheduling  and  mixing  of  flight  control  compo- 
nent functions 

8.  Optimization  of  stability  augmentation  system 
configuration  ana  flight  control  system  forces 

9.  Weapon  delivery  suitability 

10.  Conversion  mode  characteristics  and  re- 
quirements (for  non-helicopter  rotorcrafl) 

11.  Flight  test  supplement  (pilot  familiarization, 
test  planning,  test  support) 

12.  Autorotation  entry  and  recovery. 

Piloted  simulation  is  effective  particularly  in  failure 
mode  studies.  All  types  and  combinations  of  failures 
can  be  presented  for  evaluation  of  transient  response 
characteristics,  profile  of  pilot  reaction,  allowable 
time  delay  prior  to  corrective  pilot  action,  the  need 
for  fully  automatic  protection,  and  the  resultant  limi- 
tations on  mission  capability.  Initially,  such  studies 
are  conducted  using  s fully  mathematical  rep- 
resentation of  the  helicopter.  As  hardware  com- 
ponents become  available,  they  can  be  aubatituted  for 
their  corresponding  mathematical  models,  thereby 
enabling  refinement  of  the  previous  estimates  made 
for  items  such  as  friction  and  hysteresis. 
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6-6.4  FLIGHT  TESTS 

The  detail  design  phase  oi  a flight  control  system 
j generally  extends  into  the  early  stages  of  helicopter 
! High*  testing.  Flight  testing  particularly  is  warranted 
for  the  detail  design  of  new  flight  control  system  con- 
cepts, or  for  novel  applications  of  a given  system. 

Flight  testing  associated  with  the  detail  design  ef- 
fort requires  that  the  flight  control  system  be 
mechanized  so  that  its  characteristics  may  be  altered 
I or  adjusted  over  a limited  range.  After  establishing 
the  helicopter  handling  qualities  with  the  flight  con- 
trol system  set  to  its  nominal  configuration,  the 
engineer  can  vary  the  system  configuration  in  an  at- 
tempt to  improve  vehicle  handling  qualities.  His  as- 
sessment of  change  is  based  upon  pilot  commentary 
and  upon  recorded  time  histories  of  the  important  ve- 
hicle and  flight  control  system  response  parameters. 
Such  eva'  unions  should  consider  the  total  require- 
ments of  the  system  over  the  entire  flight  envelope. 
Specific  flight  test  requirements  arc  discussed  in 
Chapters  8 and  9,  AMCP  706-203. 

6-6.5  DESIGN  REVIEW 

When  the  configuration  has  been  selected  and  the 
design  requirements  have  been  identified,  the  detail 
I design  proceeds  from  the  one-half  and  full-size  lay- 
j outs.  Stress  and  weight  analyses  are  conducted  simul- 
j taneously  with  the  preparation  of  full-size  layouts 
j and  detail,  assembly,  and  installation  drawings. 

I Long-lead  items  and  material  are  ordered  in  advance 
of  the  drawing  release. 

Detailing  of  the  components  requires  a knowledge 
of  materials,  processes,  and  standard  parts.  The 
reader  is  referred  to  Chapters  2,  16,  and  17  for 
I guidance.  Detail  requirements  applicable  to  the  inter- 
j faces  between  the  flight  control  system  and  the  hy- 
! draulic  system  are  described  in  Chapter  9. 

| A hazard  analysis  shall  be  performed  in  order  to 
j determine  the  design  potential  for  incurring  equip- 
ment failures  or  human  errors  that  can  cause  tc- 
j cidcnts.  Chapter  3,  AMCP  706-203,  details  this  dc- 
I sign  evaluation  technique. 

The  critical  design  review,  a formal  technical 
review  of  the  detail  design,  is  conducted  when  the  en- 
gineering drawings  are  ready  for  release  for  fabri- 
cation or  procurement.  The  purpose  of  the  review  is 
to  determine  the  total  acceptability  of  the  design,  i.e., 
that  the  detail  design  satisfies  the  design  require- 
ments, and  satisfies  the  design  solution  set  forth  in 
prior  reviews. 

Review  team  members  representing  product  sup- 
port engineering,  flight  test,  reliability,  maintainabili- 
j ty,  safety,  human  factors,  stress,  aerodynamics, 
materials,  and  process-engineering  shall  evaluate  the 
design  as  it  pertains  to  their  specialized  fields. 
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7-0  LIST  OF  SYMBOLS 

1<  - charging  current,  A 

k - charging  time,  min 

V MtS  - volt-amperes,  reactive 
Ac  “ increase  in  battery  capacity,  A-hr 

7-1  INTRODUCTION 

7-lt  GENERAL 


The  basic  determinants  of  overall  electrical  system 
design  and  layout  are  the  demands  of  the  equipment 
on  the  helicopter  for  electrical  power,  and  the 
physical  and  operational  constraints  ir  posed  by  the 
helicopter  and  its  mission(s).  The  latter  will  include 
such  aspects  as  the  availability  of  space  in  the  air- 
craft, the  safety  requirements  imposed  by  the  system, 
and  the  weight  penalty  imposed  by  the  chosen  sub- 
system. 


The  specific  details  of  electrics!  subsystem 
characteristics  and  utilization  are  determined  by 
MIL-STD-704.  In  general,  however,  helicopters 
require  28  V DC  for  both  normal  and  emergency 
operation  of  such  items  as  fuel  pumps,  flight  instru- 
ments, panel  lighting,  most  avionic  equipment,  and 
clectr<cally-driven  weapons;  constant  frequency  400- 
Hz  AC  power  for  some  avionic  equipment;  and  often 
variable-frequency  AC  for  some  heating  (deicing) 
and  frequency-insensitive  loads.  Thus,  with  suitable 
conversion  components,  the  basic  helicopter  elec- 
trical system  can  be  DC,  variable-frequency  AC  (vf 
AC),  or  constant-frequency  AC  (cf  AC). 

New  helicopter  design  trends  are  toward  increased 
electrical  power  in  general,  as  well  as  increased 
amounts  of  constant-frequency  power.  Many 
helicopter  system  designs  provide  an  input  speed  to 
the  generator  that  varies  by  more  than  ±5%. 

In  addition,  a nttyor  consideration  in  electrical 
system  selection  is  engine  starting.  If  the  maximum 
engine  starting  torque  is  less  than  90  Ib-ft,  a 400-A, 
28-V  DC  starter-generator  powered  by  two  CA-5,  or 
CA-9  nickel-cadmium  batteries  will  provide  the 
simplest  self-contained  start  system.  However,  this 90 
lb-ft  limit  defines  a small  engine,  and,  therefore,  a 
small  helicopter. 

The  actual  choice  of  electrical  systems  will  depend 
upon  the  relative  demand  for  DC,  cf  AC,  or  vf  AC 
and  a weight  analysis  of  the  necessary  components. 
This  system  selection  generally  will  include  the  deci- 
sion on  the  existence  (or  not)  of  an  on-board 


auxiliary  power  unit  (APU).  Above  a certain  total 
requirement  for  cf  AC,  for  example,  a considerable 
weight  saving  can  be  realized  by  using  a CSD 
(constant-speed  drive)  input  to  the  electrical  system 
instead  of  an  inverter  system;  or  the  presence  of  an 
APU  may  provide  hydraulic  or  pneumatic  starting 
and  thus  decrease  overall  electrical  system  weight  by 
eliminating  the  need  for  a DC  starter -generator.  A 
transformer-rectifier  would  be  used  in  this  case  for 
other  DC  power  needs. 

The  electrical  power  system  on  the  helicopter  may 
thus  be  based  upon  such  power  sources  or  conversion 
devices  as: 

1.  AC  or  DC  generators  driven  by: 

a.  The  main  rotor  power  transmission  system 

b.  Engine  accessory  drives 

c.  Constant  speed  drives  (speed  controlled  by 
hydraulic  or  mechanical  torque  converter) 

d.  Constant-speed  turbines  (speed  controlled 
by  air  or  gas  turbines) 

2.  Inverters 

3.  Transformer-rectifiers 

4.  Batteries. 

The  selection  of  the  type  of  system  as  well  as  char- 
acteristics of  the  components  of  the  electrical  system 
arc  discussed  further  in  the  paragraphs  that  follow 

7-1.2  SYSTEM  CHARACTERISTICS 

The  type  of  electrical  power  source  generally  will 
have  been  selected  during  preliminary  design  (see 
Chapter  7,  AMCP  706-201).  During  the  detail  design 
phase,  it  is  necessary  to  confirm  this  selection  and  to 
define  the  distribution  and  utilization  systems. 

Detail  design  begins  with  the  specifications  for  the 
particular  helicopter,  which  typically  spell  out: 

1.  The  design  gross  weight  (i.e.,  the  weight  cf  the 
primary  mission  payload  plus  the  empty  weight,  in- 
cluding mission-essential  equipment) 

2.  The  maximum  performance  capabilities  of  the 
aircraft  at  its  design  gross  weight 

3.  The  specific  primary  power  sourcc(s)  and  the 
power  conversion  Methods 

4.  The  specific  utilization  equipment,  which  will 
include  lights,  displays,  communication  equipment, 
avionics,  fire  control,  and  additional  electrically 
powered  equipment  such  as  hoists. 

While  the  set  of  utilization  equipment  components 
is  typically  defined  in  the  specifications,  numerous 
options  may  still  be  exercised.  For  example,  it  may  be 
left  to  the  discretion  of  the  designer  as  to  whether  an 


7-1 


AMCP  706-202 


Auxiliary  power  unit  ii  to  be  included.  The  trade-off 
analyses  involved  in  system  selection  are  discussed  in 
Chapter  7,  AMCP  706-201.  Approximate  weights  of 
the  various  electrical  system  components  or  typical 
weights  per  unit  output  are  presented  with  that  dis- 
cussion. Only  upon  analysis  of  all  secondary  power 
requirements  and  systems  will  it  be  possible  to  de- 
termine whether  or  not  the  requirements  for  engine- 
starting, and  other  secondary  power,  would  be  better 
served  by  an  APU  or  by  an  electrical  source. 

In  general,  duplicate  primary  electrical  power 
sources  will  be  required.  The  electrical  utilization 
load  will  be  split  betwetn  the  sources,  being  dis- 
tributed on  two  busses  such  that  the  total  load  will 
r.c  l be  more  than  half  the  capacity  of  the  total  source. 
Thus,  in  the  event  if  failure  of  one  source,  automatic 
pcndleling  will  enable  the  remaining  source  to  supply 
all  the  electrical  power  required. 

In  addition,  an  "essential'’  bus  must  be  provided. 
All  components  vital  to  the  safe  operation  of  the  heli- 
ooptcr  under  night  and  instrument  conditions  must 
be  connected  to  this  bus.  In  the  event  of  the  complete 
failure  of  the  primary  source,  the  emergency  source 
(battery)  must  provide  power  to  this  bus  typically  for 
20  min  of  operation  with  a Hi'*  reserve.  Such  s speci- 
fication for  the  oattery  powered  emergency  bus 
typically  will  require  the  installation  of  a battery 
charger/analyzer  in  the  system.  This  unit  is  designed 
to  insure  that  the  charge  is  maintained  and  moni- 
tored end  that  the  power  from  the  primary  source  is 
distributed  properly  during  normal  operation 
between  the  utilization  load  and  battery  charging. 

To  illustrate  the  level  of  input  detail  given  to  the 
designer  at  the  outset,  the  system  specification  may 
delineate  the  electrical  system  for  a particular 
helicopter  — i.e.,  the  primary  AC  power  source  shall 
be  two  400-cycle,  three-phase  120-  to  208- V AC 
generators  mounted  on  the  accessory  gearbox,  that 
primary  DC  shall  be  supplied  by  two  transformer- 
rectifhri,  and  that  emergency  power  shall  be 
provided  by  a nickel-cadmium  battery  with  suf- 
ficient capacity  to  supply  power  for  20  min  of  flight 
with  a 10%  reserve.  This  battery  load  includes  an  in- 
verter to  provide  essential  AC  needs.  Also  specified 
are  the  requirements  for  lighting,  communications, 
navigation  equipment,  and  other  utilization  equip- 
ment components. 

Even  with  such  characteristics  predetermined,  it 
remains  for  the  designer  to  select  components  that 
meet  the  applicab  e specification  and  to  insure  that 
the  electrical  charartcristkt  of  the  overall  system  con- 
form to  the  requirements  of  MIL-STD-704.  Substan- 
tiation of  the  system  design  shall  include  a load 
analysis  in  accordance  with  MIL-E-7016. 


7-1 3 LOAD  ANALYSIS 

The  information  and  general  format  required  for 
electrical  load  analysis  are  given  in  MIL-E-7016; 
however,  the  requirement*  may  be  modified  slightly 
(particularly  for  automated  systems)  to  fit  each  pro- 
gram. For  instance,  the  specification  requires  lha<  the 
form  be  as  indicated,  but  this  can  be  modified  to  fit 
the  format  for  automated  equipment.  One  page  can 
comprise  the  equipment  list,  equipment  description, 
parts  designation,  and  electrical  ratings,  while  the 
next  sheets  can  obtain  the  aculal  calculations,  with 
the  pages  folded  such  that  the  columns  match  the  pre- 
ceding sheet  when  unfolded.  The  paragraph  that  per- 
tains to  operating  times  can  he  revised  to  match  more 
closely  the  modern  generator  overload  times;  i.e.,  5 
sec,  5 min,  and  continuous  instead  of  5 sec,  2 min, 
and  15  min.  MIL-E-7016  requires  that  phase-to- 
ground  identification  be  A-N,  B-N,  C-N,  etc.,  and 
this  can  be  modified  to  A,  B,  C,  and  D,  with  D being 
the  neutral  leg  of  a three-phase  four  (4)  wire  system. 
However,  an  explanatory  note  must  be  included;  and, 
because  ddia-ccnuccted  loads  arc  rare  in  modern 
helicopters,  a code  also  can  be  established  for  this 
situation  and  explained.  MIL-E-7016  gives  the  for- 
mula for  power  factor.  Usually,  this  information  is 
obtained  from  the  equipment  manufacturer  or  by  ac- 
tual measurement;  however,  the  formula  in  MIL-E- 
7016  may  be  used.  The  formula  for  determining 
single-phase  and  three-phase  power  factors  PF  is: 

_ connected  watts 

Ft  - — (7-1) 

(connected  watts)1  (connected  VARS)1 

where 

VARS  * volt-amperes,  reactive 

The  time  intervals  for  the  analysis  can  be  modi- 
fied, if  required.  For  example,  time  periods  of  5 sec  in 
tenths  of  a second  increments,  5 min  ir.  hundielhs  of 
a minute,  and  15  min  in  hundredths  of  a minute  may 
be  used. 


7-1.4  LOAD  ANALYSIS  PREPARATION 

The  toad  analysis,  as  defined  by  MIL-E-7016,  can 
be  written,  typed,  or  presented  as  an  automated 
printout. 

From  the  beginning  of  a new  helicopter  design,  a 
complete  electrical  load  file  must  be  kept  for  each 
piece  of  equipment.  Ideally,  a printed  file  card  should 
be  made,  allowing  space  for  the  following  informa- 
tion: 

1.  Name  of  equipment 

2.  Equipment  part  number 

3.  Rated  voltage  (normal  operating) 

4.  Type  of  voltage  (DC,  AC,  tingle-  or  three- 
phase) 
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5.  Amperes  per  wire 

6.  Volt-amperes  (normai  operating) 

7.  Power  factor  (normal  operating) 

8.  Watts  (normal  operating) 

9.  Volt-amperes  (emergency  conditions,  if  ap- 
plicable) 

10.  Power  factor  (emergency  conditions,  if  ap- 
plicable) 

1 1 . Watts  (emergency  condition,  if  applicable) 

12.  Operating  time 

13.  Source  of  the  above  information 

Most  of  the  preceding  data  can  be  obtained  from 
the  equipment  manufacturer.  In  addition,  the  manu- 
facturer of  each  piece  of  equipment  should  be  re- 
quired to  supply  a component  load  analysis. 

After  manufacturer-provided  data  are  recorded, 
the  remaining  information  can  be  calculated.  For  a 
nonuutomated  system,  the  calculations  can  be  made 
individually  and  recorded  on  a file  card.  For  an  auto- 
mated system,  a computer  can  do  the  necessary  cal- 
culations as  a separate  run,  or  they  can  be  submitted 
from  the  Tabulation  print-out. 

After  the  file  is  as  complete  as  possible,  it  then  is 
necessary  to  assign  each  component  a power  bus  in 
the  helicopter,  an  clcctnc*!  system  name,  and  a com- 
ponent referer,  item  number 


7-1.5  MANUAL  FORMAT 

When  preparing  a manual  load  analysis,  the  figure 
examples  of  MIL-E-7016  can  be  used. 

A sample  power  distribution  systtm  is  shown  in 
Figs.  7-1  and  7-2.  The  generator  mounting  and  drive 
data  and  power  source  output  data  examples  are  self- 
explanatory. 

The  AC  load  equipment  and  AC  power  source  uti- 
lization analysis  charts  from  MIL-E-7016  can  be 
combined  on  one  chart  for  each  helicopter  AC  power 
bus.  See  Figs.  7-3  and  7-4  for  sample  AC  load 
analysis  charts.  The  equipment  components  are  to  be 
arranged  alphanumerically. 

The  typical  transient  analysis  is  required  only  for 
extreme  transient  loads,  and,  with  modern  generator 
ratings,  may  not  be  required  at  all 

The  engine  starting  requirements  data  must  be 
shown  even  though  the  helicopter  is  started  only  on 
ground  power  and  data  does  not  appear  in  the  "Start 
and  Warmup”  column  of  the  load  analysis  chart.  The 
information  will  be  used  to  determine  the  ground 
starting  power  supply  requirements. 

If  i battery  is  used  in  the  helicopter,  a chart  must 
be  included  that  shows  a theoretical  charging  factor 
versus  time  of  operation.  This  chart  will  depend  upon 
the  type  and  size  of  the  battery  to  be  used,  as  well  as 
the  design  of  the  bsttery  charger. 


Figure  7-1.  Typical  DC  Power  Distributing  System 


7-1.6  AUTOMATED  FORMAT 

For  an  automated  format,  the  same  information  is 
required.  The  program  may  be  written  so  that  cal- 
culations are  done  automatically  as  the  load  analysis 
is  bring  processed.  The  information  then  can  be 
checked,  and  bus  totals  given,  automatically.  A 
typical  automation  flow  chart  is  shown  in  Fig.  7-5. 

Ir.  this  example,  a two-card  system  is  used.  The 
first  card  contains  the  following  information: 

I.  Bus 

2 System 

3.  Item  number 

4.  Equipment  name 

5.  Part  number 

6.  Volts 

7.  Power  factor 

8.  Volt  ampcrct. 

The  second  card  contains: 

1.  Bus 

2.  System 

3.  Item  number 

4.  Number  of  units 

5.  Phase  assignment 

6.  Notes. 
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Figure  7-2.  Typical  AC  Power  Disiriburioa  System 


ill  audition,  ik  roUtiiu  Cniu  includes  iiie  5-ScC,  5- 

min.  and  15-min  avtragrs  for: 

1.  Start  and  warmup 

2.  Taxi 

3.  Takeoff  and  climb 

4.  Cruise 

5.  Combat  cruise 

6.  Descent  and  landing 

7.  Emergency. 

The  third  card  shown  on  the  flow  chart  is  for  pro- 
gramming purposes  only. 

With  an  automated  system,  changes  can  be  made 
readily,  new  printouts  requested  as  needed,  and  in- 
dividual bus  totals  obtained  at  any  time  during  the 
design  of  the  helicopter. 

With  both  the  automated  and  manual  systems, 
each  bus  must  be  totaled  separately. 


7-1.7  SUMMARY 

Included  in  each  load  analysis  shall  be  a summary 
of  results,  which  will  include  a brief  summary  of 
generating,  rectifying,  transforming,  and  battery 
capabilities,  compared  with  maximum,  average,  and 
emergency  loads.  The  summary  will  include  any 
special,  limiting,  or  marginal  operating  condition! 
that  may  exist.  The  summary  will  be  brief  and  con- 
cise, and  indicate  dearly  the  helicopter  power  system 
true  conditions. 


m m nesuiLiea  armtan  a m.i«v  a a /\rrrvF%r< 
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7-2.1  GENERAL 

In  the  detail  design  of  the  electrical  system,  certain 
fundamental  criteria  must  be  followed  in  order  to  in- 
sure proper  selection  of  power-generation  equipment 
and  motors  and  their  applicability  to  electro- 
mechanical energy  conversion  requirements. 

Before  selection  of  the  electrical  rotating  com- 
ponents, certain  decisions  are  necessary.  These 
decisions,  which  may  be  preliminary,  will  form  the 
bases  for  trade-offs  related  to  the  optimization  of  the 
entire  electrical  system.  These  considerations  should 
include  the  following  as  a minimum: 

1.  AC  or  DC  system 

2.  AC  systems  — constant  or  variable  frequency 

3.  Applicable  power  quality  requirements,  e.g., 
MIL-STD-704 

4.  DC  systems  — engine  starting  requirements  and 
battery  capacity  restrictions 

3.  Electrical  load  analyses,  including  any  ad- 
ditional load  imposed  upon  the  generator  by  feeder 
losses 

6.  Generators  — characteristics  of  the  prime 
mover;  speed  or  speed  range,  torque  limits,  over- 
hand moment  (weight)  restrictions,  and  vibration  and 
shock  environments 

7.  Rotating  components  — details  of  the  installa- 
tion, including  envelope  restrictions  (length,  dia- 
meter, tool  clearances,  removal  clearances,  etc.),  tc  - 
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Figure  7-4.  Exunpie  AC  Load  Analysis  Format 


mint!  blocks  and/or  connector  restrictions, 
temperature-altitude  environment,  availability,  and 
characteristics  of  air  or  liquid  cooling 

8.  Adequate  system  growth  — designer  must  con- 
sider future  growth  when  selecting  a power  scurcs. 

7-2.1  AC  GENERATORS  (ALTERNATORS) 

An  AC  power  source  capable  of  insuring  a power 
quality  equal  to,  or  better  than,  that  specified  by 
M1L-STD-7CM  can  be  achieved  best  by  utilizing  the 
attributes  of  the  conventional  salient-pole,  synchron- 
ous alternator. 

The  helicopter  AC  generator  is  comprised  of  the 
main  generator,  an  exciter,  and,  in  the  majority  of 
cases,  a permanent-magnet  pilot  exciter  shuring  a 
common  housing  and  shaft.  Modern-day  alternators 
are  brushless;  i.c.,  no  brushes,  slip  rings,  or  commu- 
tators are  employed. 

7-22.1  Electrical  Design 

The  main  generator  consist!  of  a stator  and  a rotor. 
The  stator  is  built  of  steel  laminations  that  are  uni- 
formly slotted  on  the  inner  periphery  and  contain  the 
output  windings.  These  windings  are  connected  in  a 
norma)  three-phase,  four-wire  manner,  and  arc  dis- 
placed so  as  to  minimize  distortion  of  the  output 
voltage  waveform.  The  lotor  or  field  consists  of  lami- 
nations punched  so  as  to  form  "poles”,  and  the 
number  of  poles  and  the  rpm  fix  the  output  fre- 
quency. The  main  field  winding  is  wound  on  the  rotor 
potea  and  is  excited  with  DC.  This  provides  the 
magnetomotive  force  necessary  to  provide  sufficient 
Uses  of  force  (flux)  in  the  magnet  circuit  of  the  main 
gsueiator  for  adequate,  ell-load-condition,  voltage 
generation. 


The  exciter  functions  so  as  to  supply  DC  to  the 
main  field  winding.  The  poles  are  on  the  fiator  and 
on  & disturbed  winding  in  slots  on  the  r<  or.  Both 
members  are  laminated,  as  in  the  main  mcrator. 
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the  main  field  through  a bridge  of  rotating  rectifiers. 

In  order  to  achieve  a self-sufficient  generator  — 
one  not  dependent  upon  any  external  power  source 
for  excitation  power  — a permanent-magnet  pilot  ex- 
citer completes  the  electrical  portion  of  the  AC 
generator.  This  generates  either  polyphase  or  single- 
phase  AC  power,  which  is  rectified  either  within  the 
generator  (stationary  rectifiers  mounted  within  the 
generator  case)  cr  in  the  voltage  regulator  (par.7-4)  to 
provide  DC  excitation  power  to  the  exciter.  De- 
pending upon  system  requirements,  the  magnetic 
piiot  exciter  may  provide  control  power,  protective 
circuitry,  or  operational  power  necessary  for  proper 
functioning  of  the  distribution  system. 

7-2 22  Mechaaical  Design 

AC  generators  arc  housed  in  cither  aluminum  or 
magnesium  housings.  The  selection  of  housing 
material  is  dictated  by  weight  and/or  vibration 
requirements.  Lamination  steel  for  the  magnetic  cir- 
cuit is  either  a silicon  or  cobalt  alloy.  The  latter  con- 
struction results  in  a relatively  expensive  generato., 
but  provides  a weight  advantage  of  almost  30%  over  a 
system  using  silicon  steel  punchings. 

Pracicol  generator  speeds  range  from  6000  to  12,- 
000  rpm  for  400-Hz  output.  Variable-frequency 
machines  in  ratings  to  120  kVA  are  practical  to 
speeds  of  20,000  rpm.  Applications  of  6000  to  12,000 
rpm  require  grease-lubricated  ball  bearings  with 
bearing  lives  of  5000  hr  in  an  average  helicopter  en- 
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Figure  7-5.  Typical  Automation  Flow  Chart 

vironm'"U.  Oil  lubrication  of  bearings  generally  is 
necessary  tor  generator  speeds  in  excess  of  ! 5,000 
rpm.  Bearing  life  in  excess  of  10,000  hr  has  be— i 
achieved  in  helicopter  generators  using  oil  I i- 
cation.  A typical  oil-lubricated  bearing  AC  gene  ..tor 
is  shown  in  Fig.  7-6. 


1-2.23  Cooling 

Cooling,  a primary  requirement  in  an  AC  gene- 
rator specification,  may  be  accomplished  by  air  or  by 
liquid.  Both  air-cooled  and  oil-cooled  generators  are 
employed  for  helicopter  applications. 

For  air-coolcd  generators,  either  self-cooling  or 
blast  cooling  may  be  employed.  In  the  case  of  self- 
cooling,  an  integral  fan  is  located  on  the  rotor  of  the 
machine,  and  diffusers  or  baffling  are  employed  to  di- 
rect the  air  over  the  hot  internal  surfaces.  If  the  in- 
stallation is  such  that  ducting  is  provided  to  the  fan 
inlet,  the  pressure-flow  characteristics  of  this  ducting 
must  be  considered  so  that  all  through-generator  air- 
flow requirements  are  met.  A self-cooled  generator 
that  exhibits  good  performance  in  the  laboratory  may 
burn  up  on  the  airframe  because  duct  restrictions 
were  not  considered.  In  the  case  of  blast-cooled 
generators,  inlet  airflow  and  pressure-altitude 
characteristics  of  the  separate  forced-air  supply  must 
be  defined  adequately  in  order  to  aliovv  proper  use  of 
a generator  cooled  in  this  manner.  Cooling-air 
temperature  versus  altitude  and  ambient  temperature 
data  arc  vital  aspects  of  an  adequate  cooling  speci- 
fication as  discussed  in  MI1.-G-6099.  Contaminant 
protection  of  cooling  air  is  required. 

Oil-coolcd  generators  fall  into  two  categories, 
conduction-cooled  and  spray-cooled.  Oil-cooled 
generators  are  practical  with  inlet  oil  temperatures 
from  -65’  to  330°F. 

In  the  conduction-cooled  generator,  oil  is  cir- 
culated through  closed  passages  in  the  housing  and 
rotor  shaft.  Cooling  is  obtained  by  conduction  of 
heat  to  the  oil  from  the  hot  windings.  The  bearings 
use  the  oil  for  lubrication  as  well  as  for  cooling,  and 
rotating  seals  arc  required.  The  weight  of  the 
conduction  ■ os! -coo!cd  °cncr2ior  is  ccnin2rsb!c  to 
that  of  the  air-cooled  generator. 

In  the  spray-cooled  generator,  the  cooling  oil,  in  ef- 
fect, is  sprayed  directly  on  the  windings.  This  results 
in  an  improvement  in  heat  transfer,  along  with  a 
weight  reduction  of  approximately  15%  compared  to 
the  air-cooled  or  conduction-oil-coolcd  generator.  To 
date,  all  spray-oil-cooled  generators  have  been 
applied  to  400-Hz  sy ."terns,  and  operate  at  12,000 
rpm.  For  comparison  assume  a 90-kVA  rating;  a 
modern  air-cooled  generator  using  magnesium 
housing  and  cobalt  alloys  weighs  approximately  90 
lb.  A spray-cooled  generator  with  the  same  rating 
weighs  55  lb.  A generator  weight  of  approximately 
0.5  lb  per  kVA  is  achievable  with  spray  cooling.  If 
spray  cooling  is  used,  it  is  necessary  to  scavenge  the 
generator  cavity,  i.e„  to  remove  excess  oil  resulting 
from  spraying  of  the  windings. 
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Figure  7-6.  Typical  AC  Generator  with  Oil-lubricated  Bearings 


1-1.7, A Application  Checklist 

The  criteria  that  follow  should  be  considered  in  the 
design  of  ail  AC  generators.  This  is  a minimum  list  of 
characteristics  that  must  be  defined  and  adapted  to  a 
given  application: 

1.  Rating: 

a.  kVA  at  required  [rower  factors 

b.  Voltage  at  terminals 

c.  Phases 

d.  Frequency 

2.  Speed,  rpm 

3.  Maximum  weight 

4.  Envelope,  diameter,  and  length 

5.  Mounting  details 

6.  Cooling  requirements  N 

7.  Applicable  Military  Specifications  regarding 
generator  and/or  system  performance,  electromag- 
netic interference,  vibration,  etc. 

8.  Minimum  efficiency 

9.  Overloads  and  time  at  each  overload 

10.  Short-circ  iit  current  capacity  and  time  at  short- 
circuit 


11.  Waveform 

12.  Performance  requirements  under  unbalanced 
load  conditions. 


7-2. 2. 5 Variable-frequency  AC  Generators 

Variable-frequency  generators  arc  practical  in 
ratings  to  120  kVA  at  speeds  to  20,000  rpm.  The 
previous  discussions  relative  to  mechanic'll  design, 
cooling,  and  application  checklist  generally  are  ap- 
plicable also  to  the  variable-frequency  generator. 

There  are  two  significant  performance  character- 
istics peculiar  to  the  variable-frequency  generator 
that  should  be  considered  prior  to  its  application: 

1.  Voltage  transient  performance  at  high  speed 

2.  Voltage  regulation  problems  over  a wide  speed 
range. 

Voltage  transient  performance  at  high  speed  for  a 
wide-ipeed-rangc  generator  (e.g.,  1.5:1)  can  result  in 
severe  system  problems.  This  is  because  the 
maximum  voltage  attainable  from  the  generator  at 
the  high  speed  is  the  speed  range  times  the  voltage  at- 
tainable at  the  low  speed.  Upon  application  of  load, 
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•evert  dipt  in  system  voltage  could  be  experienced. 

With  regard  to  voltage  regulation,  when  a speed 
range  approaches  or  exceeds  approximately  2.5:1, 
high-speed  instability  can  result.  Because  the  regu- 
lator is  called  upon  to  adjust  from  on  overload  at  low 
speed  to  no  load  or  leading  power  factor  loads  at  high 
speeds,  exciter  field  current  variation  may  be  ex- 
treme. Such  a field  current  variation  could  be  in  the 
order  of  15:1. 

7-2J  STARTER/CENERATORS,  DC 
GENERATORS  AND  STARTERS 

State-of-the  art  DC  syatemr  for  helicopter  ap- 
plications are  designed  for  operation  at  a nominal  28 
V,  with  power  quality  defined  in  accordance  with  the 
requirements  of  MIL-STD-704,  For  the  majority  of 
applications,  advantage  is  taken  of  the  volumetric  ef- 
ficiency and  lightweight  properties  of  the  DC 
staner/generator.  Nevertheless,  there  exist  many 
applications  that,  for  various  reasons,  employ  both  a 
DC  generator  and  DC  Harter: 

7-2,5. i Smner/GeeenifPfe 

The  construction  of  the  DC  starter/generator  is 
comprised  of  a routing  armature  and  sUtionary 
field.  The  armature  it  constructed  of  a stack  of  steel 
laminations  uniformly  slotted  on  the  outer  peri- 
phery; the  power  windings  arc  connected  to  the  com- 
mutator and  are  placed  into  the  slots.  The  sUtionary 
field  consists  of  laminated  main  po'es,  interpoles,  and 
a solid  steel  field  ring  to  which  the  poles  are  studied 
on  the  inner  periphery. 

On  the  main  poles  are  wound  the  main  field  win- 
dings. connected  either  in  parallel  (shunt)  or  in  scries 
with  the  armature  winding.  The  interpolc  coils  are 
conn,  cted  in  series  with  the  armature.  A fourth  win- 
ding — distributed  in  slou.  placed  in  the  pole  faces, 
and  connected  in  series  to  the  armature  — serves  to 
support  the  main  field  and  to  overcome  the  de- 
magnetizing effects  of  an  armature  reaction  to  the 
magnetic  field  set  up  by  load  currents  flowing  in  the 
armature  winding.  This  winding  is  termed  the  com- 
pensating winding,  and  generally  is  employed  with 
generator  ratings  of  200  A or  more. 

The  starter/generator  normally  requires  t fifth 
winding  consisting  of  a single  turn  in  scries  with  the 
armature  and  wound  on  the  main  poles.  This  win- 
ding, during  starter  operation,  aids  in  increasing  the 
torque  output  per  urpere  of  input  current.  Some 
manufacturers  leave  thi«  winding  connected  during 
generator  operation  as  a differential  compound  win- 
ding that  aids  in  the  tegulation  over  the  load  and 
speed  range. 

The  discussion  of  the  mechanical  construction  of 


the  AC  generator  is  applicable  generally  to  the  DC 
starter/generator  also.  In  order  to  achieve  the  lightest 
possible  weight  without  sacrificing  mechanical  in- 
tegrity, both  aluminum  und  magnesium  are  used  for 
housing  materials,  the  choice  being  related  directly  to 
the  mechanical  environment  requirements. 

At  in  the  AC  generator,  cobalt  alloy  laminations 
are  employed  where  weight  is  of  significant  im- 
portance. The  weight  advantage  of  a DC  starter/ 
generator  employing  this  high-permeability  material, 
compared  to  a unit  employing  silicon  sted  punching!, 
is  of  the  order  of  23%. 

The  starter/generator  normally  operates  from 
stand-still  to  speeds  of  6000  rpm  in  relation  to  starter 
mode  operating  speeds.  For  generator  operation,  it 
ordinarily  *x>vers  a speed  range  of  approximately  2:1, 
with  3000  tyi  i the  usual  minimum  speed,  and  seldom 
is  applied  where  maximum  speeds  exceed  12,000  rpm. 

State-of-the-art  DC  starter/generators  generally 
employ  grease-lubricated  ball  bearings.  For  heli- 
copter usage,  the  bearing  life  generally  falls  between 
1000  and  3000  hr. 

The  brushes  that  ride  on  the  commutator  and  con- 
duct the  current  from  the  power  source  — in  the  case 
of  the  starter  — and  to  the  load  — in  the  case  of  the 
generator  — are  made  normally  of  carbon  and 
copper.  Because  of  altitude  requirements,  the  brushes 
are  treated  with  a compound  (such  as  molybdenum 
disulfide)  in  order  to  provide  the  necessary  filming 
characteristics  under  c jnd:*ions  of  low  oxygen  and 
moisture.  For  startcr/gcnerators,  brush  life  is  limited 
to  500-1000  hr,  depending  upon  the  severity  of  the 
start.  For  those  applications  requiring  generator 
operation  only,  brush  lives  of  up  to  2000  hr  are  po  «i~ 
ble. 

Air  cooling  of  the  DC  starter/generator  anJ 
generator  is  standard  practice.  Contaminant  pro- 
tection of  this  cooling  air  k required.  This  cooling 
may  bs  accomplished  by  integral  fan  (self-cooling), 
by  blast  cooling,  or  by  a combination  of  the  two.  Pre- 
cautions are  necessary  in  order  to  define  the  cooling 
conditions  adequately.  Because  of  the  problem  of 
providing  adequate  heat  transfer  from  the*  brushes 
and  commutator  to  the  oil,  oil  cooling  seldom  is  em- 
ployed. 

Following  is  a checklist  of  minimum  informatic  i 
necessary  in  order  to  define  adequately  a starter/ 
generator  for  a given  application: 

1.  Engine  type  and  manufacturer 

2.  Intended  installation 

3.  Envelope  requirements  (diameter  and  length) 

4.  Maximum  allowable  weight 

5.  Maximum  allowable  overhand  moment 

6.  Engine  mounting  pad  details 
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7.  Applicable  specifications,  if  any 

8.  Type  of  cooling  — blest,  self,  or  other 

a.  If  blast  cooling,  pressure  available 

b.  Temperature  of  air 

9.  Ambient  temperature  range 

10.  Altitude  requirement* 

11.  Direction  of  rotation  facing  engine  pad 

12.  Engine  to  starter/generotor  pad  gear  ratio 

13.  Power  supply  for  starting: 

a.  Battery,  type  and  voltage 

b.  Gtound  power  unit,  type  and  voltage 

14.  Engine  torque  versus  speed  curves  for  standard 
conditions  and  -65°F  (or  the  lowest  applicable 
temperature),  plus  a notation  of  whether  or  not  thtse 
curves  include  accessories  and  gearing 

15.  Engine  light-off  speed  if  not  shown  on  curves 

16.  Starter  cutoff  speed  if  not  shown  on  curves 

17.  Maximum  allowable  time  to  light-off  speed 

18.  Maximum  allowable  time  to  cutoff  speed 

19.  Starter  /generator  pad  rpm  at  engine  idle 

20.  Starter/generator  pad  rpm  at  minimum  cruising 
speed 

21.  Starter /generator  pad  rpm  at  maximum  engine 
speed 

22.  Required  generator  output  and  voltage  under 
ail  speeds  in  range  of  regulation 


23.  Percentage  of  maximum  generator  output  used 
at  engine  cruising  speed 

24.  Voltage  regulator  type  and  applicable  speci- 
fication. 

For  engine  starting,  either  a ground  power  supply 
or  aircraft  battery  is  used.  Ground  power  supplies 
generally  are  of  the  constant-current  type,  and  pro- 
vide the  best  power  source  available  for  engine  start- 
ing. In  the  majority  of  helicopter  applications,  where 
starter/generators  arc  used,  aircraft  batteries  are  em- 
ployed for  starting.  The  batteries  are  rated  24  V and 
are  either  silver-zinc  cr  nickel-cadmium  (par.  7-3).  If 
multiple  batteries  are  used,  they  may  be  connected 
parallel  or  in  series  to  provide  the  desired  starting 
characteristics,  but  consideration  must  be  given  to 
the  applied  torque  vs  generator  shaft  shear  section 
and  the  engine  gearing  limitations. 

A typical  startcr/gcnerator  used  in  helicopter  ap- 
plications is  shown  in  Fig.  7-7. 

7-1.3.2  DC  Generators 

The  helicopter  DC  generator  is  identical  electrical- 
ly and  mechanically  to  the  DC  starter/gencrator, 
with  the  exception  that,  generally,  no  series  turn  is 
employed  on  the  mum  iiciu  winding. 

The  preceding  discussion  relative  to  mechanical 
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design,  speed  range,  beaiiugs,  brush**,  and  cooling 
also  art  applicable  here.  It  is  suggested  that  reference 
be  made  to  MIL-G-6162  as  a guide  for  specification 
preparation. 

A typical  blast-cooled  DC  generato;  is  shown  in 
Fig.  7-8. 

7-7.3. 3 DC  Starters 

With  the  advent  of  the  DC  starter /generator,  the 
DC  starter  now  has  limited  application.  In  the  past, 
the  majority  of  applications  were  found  on  heli- 
cop'crs  employing  reciprocating  engines,  and,  there- 
fore, these  starters  were  designed  for  cranking  ser- 
vice rather  than  for  the  type  of  starting  service  re- 
quired by  the  turbine  engine.  For  cranking,  the 
starter  operates  at  a nearly  Fixed  speed  until  engine 
light-off.  Present-day  starters  are  designed  for  star- 
ting the  turbine  engine,  and  the  starter  operates  over 
a speed  range  of  0-20,000  rpm. 

The  DC  starter/motor  is  quite  similar,  electro- 
mechanically,  to  both  the  DC  generator  and  the  DC 
startcr/gcnerator.  Ordinarily,  often  three  windings 
are  used,  as  opposed  to  the  five  windings  often 
cinpioyec  in  generators.  The  sci  ies  connection  of  the 
main  field  with  the  armature  and  interpole  winding 
provides  the  highest  torque  per  ampere  of  current, 
and  lends  itself  to  use  with  battery  power  supplies. 

As  in  the  starter/gencrator  and  generator, 
starter/motors  employ  grease-lubricated  ball  bear- 
ings. Brushes  usually  arc  of  the  low-contact  drop 
type,  and  contain  a high  percentage  of  metal  so  as  to 
minimize  voltage  drop  at  the  high  currents  required 
by  the  starting  cycle.  Because  of  the  short  duty  cycle 
requirements,  an  integral  fan  provides  required 
cooling. 

The  DC  starter/motor  serves  no  function  after 
starting  the  engine;  therefore,  design  provisions  to 
disconnect  it  from  the  engine  accessory  drive  must  be 
made.  This  usually  is  accomplished  by  a mechanically 
or  electrically  operated  jaw  engaging  and  dis- 
engaging mechanism. 

A turbine  engine  starter  is  shown  in  Fig.  7-9. 

1-12.4  Boost  Starting  System 

Modern  military  practices  dictate  the  use  of 
turbine-powered  helicopters  for  a variety  of  reasons, 
one  of  which  is  their  ability  to  use  completely  unpre- 
pared terrain  for  takeoff  and  landing.  Therefore,  de- 
ployment of  helicopters  away  from  airfield  support 
functions  is  common.  Deployment  in  het  or  cold 
temperature  environments  having  no  APU  or  ground 
power  facilities  requires  that  batteries  not  lose  their 
gas  turbine  engine-start  capabilities. 

The  effect  of  cold  temperature  on  the  energy  re- 


lease rate  of  storage  batteries  is  a matter  of  common 
ptactical  knowledge.  The  engine -starting  capability 
of  a fully  charged  battery  in  a 70°  F environment  it  re- 
duced to  27%  after  the  battery  has  been  stabilized  in  a 
commonly  experienced  -25°F  environment. 
Experience  has  shown  that  the  probability  of  a 
successful  0*F  start  capability  decreases  rapidly  as 
the  level  of  the  battery  charge  decreases. 

Gas  turbine  starting  problems  are  not  restricted 
solely  to  the  low  end  of  the  temperature  spectrum.  A 
leu  obvious,  but  very  real,  problem  is  encountered  at 
the  high  end  of  tha  temperature  range.  The  hot  start, 
in  which  the  temperature  within  the  turbine  exceeds 
the  ufc  operating  range  for  turbine  materials,  is  en- 
countered all  too  frequently  in  high  ambient  tempera- 
tures during  the  starting  sequence  of  gas  turbine- 
powered  helicopters.  The  hot  start  can  be  caused  by  a 
number  of  conditions.  A battery  that  is  not  charged 
sufficiently  and  improper  fuel  control  adjustments 
are  two  conditions  that  can  lead  to  critical  hot-start 
problems.  Another  cause  of  hot  starts  is  the  time- 
lapse  needed  to  accelerate  the  engine  from  light-off  to 
idle  speed.  The  net  result  of  hot  starts,  whatever  the 
cause,  is  premature  engine  failure.  Even  though  a hot 
start  might  not  result  in  an  immediate  and  catas- 
trophic engine  failure,  it  will  shorten  the  times 
between  engine  overhauls,  thereby  increasing  heli- 
copter operating  costs. 

The  characteristics  of  electrical  starting  systems 
(and  starter/generator  systems)  for  turbine  engines 
generally  are  such  that  maximum  torque  is  delivered 
from  the  starter/ motor  to  the  turbine  upon  the  initia- 
tion of  the  starting  sequence.  Starter/motor  output 
torque  decreases  approximately  as  a straight-line 
function  at  increased  turbine  speeds,  with  the 
starter/m  Dtor  torque  reaching  a very  low  value  at 
starter/motor  cutoff.  The  starter/motor  is  designed 
to  have  a stall  torque  capability  exceeding  the  torque 
limit  of  the  engine  accessory  drive  system. 

Adding  a boost  feature  to  the  electrical  starting 
system  provides  an  additional  supply  of  starting 
energy  for  extraordinary  starting  situations.  Con- 
ceptually, the  boost  power  is  obtained  from  a com- 
bination of  gas  generator  and  gas  motor,  and  by 
coupling  the  gas  motor  with  the  electrical  starter/ 
motor.  This  boost  feature  is  a supplement  to,  and  in 
no  way  is  intended  as  an  alternative  for,  the  electrical 
starting  system.  Even  though  the  added  feature  is 
used  only  occasionally,  the  components  added  to  the 
electrical  starter,  or  startcr/gcnerator  system,  never- 
theless must  be  taken  into  account,  and  their  effect 
must  be  established  upon  such  elements  as  overhand 
moment,  vibration  characteristics,  operation  of  the 
system  in  a generating  mode,  and  the  ovetall  physical 


constraints  of  specific  engine  installation.  Prototype 
hardware  is  shown  in  Fig.  7-10. 


7-2.4  ELECTRICAL  MOTORS 


Electrical  motors  for  use  in  helicopter  electrical 
systems  may  be  either  AC  or  DC,  depending  upon 
the  primary  power  source  selected.  AC  motors  in  use 
are  almost  universally  of  the  squirrel-cage  induction 
type.  They  may  be  three-phase  or  single-phase,  with 
the  number  of  phases  to  be  used  being  governed  prin- 
cipally by  motor  size  and  by  the  characteristics  of 
typical  load  requirements. 

The  squirrel-cage  induction  motor  comprises  a 
laminated  stator  — identical  jn  configuration  to  that 
employed  in  the  AC  generator  — and  a laminated 
rotor.  The  rotor  has  slots  on  the  outer  periphery  con- 
taining either  copper  or  cast  aluminum  bars  — short- 
circuited  on  both  ends  — with  end  rings  of  the  same 
material  so  as  to  form,  ultimately,  what  resembles  a 
squirrel  cage.  The  input  winding  is  contained  in  the 
stator  slots  and  may  be  wound  three-phase  or  two- 


Housing  materials  may j be  either  aluminum  or 
magnesium,  depending  ' upon  weight  and  en- 
vironmental considerations;  and  bearings  are  almost 
universally  of  the  grease- lubricated  ball  variety.  For 
the  specification  of  ti.e  AC  motor,  the  best  guide  is 
contained  in  M’L-M-7969, 

The  factors  involved  in  construction  of  the  DC 
generator  generally  apply  also  to  the  DC  motor,  with 
the  exception  that  seldom,  if  ever,  arc  pole  face  com- 
pensating windings  employed.  Depending  upon  the 
load,  the  DC  motors  may  be  used  in  series,  shunt,  or 
compound  winding  configurations.  For  very  small 
motors,  permanent-magnet  fields  are  employed  in 
place  of  the  shunt  or  series  field  windings.  MIL-M- 
8609  is  recommended  as  a guide  for  specification 
preparation. 

In  general,  the  electrical  motor  may  be  termed  a 
torque  device,  inasmuch  as  a certain  volume  of  iron 
and  copper  is  required  to  produce  a given  torque.  The 
size  of  the  motor  is  dictated  by  the  torque  require- 
ments. For  helicopter  applications,  where  size  and 


\ohaae. 


weight  are  at  a premium,  it  is  normal  to  operate 
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motor*  at  high  speed*  in  order  to  obtain  a high  power 
output  (power  equal*  the  product  of  torque  and 
speed)  pei  unit  volume.  This,  fundamentally,  is  why 
the  majority  of  aircraft  AC  power  systems  operate  on 
400  Hz  rather  than  thj  60-Hz  power  usually  em* 
ployed  for  industrial  and  commercial  uses.  High- 
speed operation  poses  certain  problems  in  bearing 
and/or  brush  life,  which,  when  coupled  with  the  fact 
that  the  airframe  itself  has  a relatively  short  life,  re- 
sult in  overhaul  rates  measured  in  hundreds  of  hours, 
rather  than  in  the  10-20-year  life  rates  considered 
normal  in  industrial  and  commercial  ground  ap- 
plications. 

High-speed,  high-power-per-unit-volume  opera- 
tion points  up  the  design  parameter  that  usually  de- 
termines the  size  of  the  helicopter  electrical  motor. 
Increased  losses  follow  increased  power  output,  and 
the  size  of  the  motor  must  be  adequate  to  dissipate 
these  losses  without  exceeding  motor  material 
temperature  limits.  It  follows  that  the  availability  of 
effective  cooling  directly  affects  motor  size.  High  alti- 
tudes, with  low  air  density,  will  decrease  the  cooling 
available  from  a fan.  High  ambient  temperatures  re- 
duce the  he  . transfer  and  add  to  the  motor  total 


temperature.  Also,  there  is  a significant  amount  of 
heat  generated  in  the  rotating  member  of  the  motor 
during  acceleration  from  standstill;  and  if  repeated 
starts  are  msdc,  motor  temperatures  rise  significant- 
ly. Another  significant  item  is  the  effect  of  voltage 
and/or  frequency  variation  on  motor  life  and  size. 
These  items  must  be  accounted  for  in  the  design  so 
that,  under  the  worst  conditions,  the  motor  continues 
to  produce  the  required  speed  at  the  spw  'Tied  torque. 
This  means  that,  for  all  other  conditions,  the  motor 
will  be  operating  at  high-speed,  high-power  output 


wiiu  iiigiiti  luBKs.  in  ui in,  mi  vSiCi  the  variation 
of  input  power,  the  larger  the  motor  that  is  required. 

The  electrical  motor  also  is  i torque  device  in  the 
sense  that  speed  and  power  input,  etc.,  are  direct 
results  of  the  torque  imposed  by  the  load.  This  leads 
to  use  of  motor  speed  torque  curves.  These  curves 
are,  simply,  the  equilibrium  opeiating  points  for  the 
motor.  The  speed,  current,  power  input,  etc,,  are 
those  values  that  occur  when  the  motor  operates  at  u 
given  torque. 


7-2.5  ELECTRICAL  SYSTEM  CONVERSION 

The  typical  helicopter  lequirt*  both  AC  and  DC 
power.  Therefore,  the  ability  to  convert  one  to  the 
other  as  needed  also  is  required.  Various  types  of  de- 
vice* are  available  by  which  this  conversion  can  be 
effected. 


7-2.5.1  AC  to  DC  Cosinttrt 

Devices  for  converting  AC  into  DC  arc  of  two 
basic  types:  rotary  and  static.  Rotary  systems  may  be 
cither  AC-driven  motor-generator*  or  synchronous 
converters.  The  latter  are  essentially  DC  generators 
in  which  slip  rings  have  been  connected  to  the  arma- 
ture winding  by  equidistant  taps.  The  synchronous 
converter,  in  effect,  combines  the  functions  of  an  *C 
drive  motor  input  with  those  of  a DC-generetor  out- 
put, although  with  less  flexibility  in  voltage  and 
power-factor  control  than  the  motor-generator  com- 
bination. Converters  typically  are  cheaper,  more  ef- 
ficient, and  more  compact  than  cot  responding 
motor-generat-'rs.  It  is  important,  however,  that  they 
operate  as  near  tc  unity  power-factor  as  possible 
since  their  “rating",  i.c.,  relative  output,  decreases 
rapidly  with  decrease  in  power-factor.  Table  7- 1 dis- 
plays this  relative  output  relationship  for  various 
power  factors  and  number  of  phases.  Converters  also 
must  be  synchronized  with  the  input  AC  supply. 

The  relationships  between  the  AC  and  DC  voltages 
and  currents  are  functions  both  of  the  power-factor 
and  the  number  of  phases  (hence,  number  of  slip 
rings).  Converters  may  be  single-phase,  in  which  case 
there  arc  two  slip-rings  and  two  slip-ring  taps  per 
pole  pair;  three  phase,  in  which  there  arc  three  slip- 
rings  and  three  taps  per  pole-pair;  and  so  on. 
However,  because  of  the  sensitivity  of  the  output  to 
the  total  number  of  phases,  converters  usually  arc 
operated  with  six  phases.  With  a sine-wave  input  vol- 
tage. the  DC  voltage  is  the  peak  of  the  diametrical 
AC  voltage,  the  latter  being  the  voltage  between  any 
two  diametrically  opposed  taps. 

At  unity  power  factor  and  a typical  95%  efficiency, 
the  DC  and  AC  currents  are  equal  with  three  slip 
rings;  with  six  slip  rings,  the  DC  current  is  twice  the 
AC  current. 

Static  conversion  ftom  AC  to  DC  is  accomplished 
by  transformer-rectifier  units  (TRU).  The  rectifier 
concept  essentially  acts  to  block  conduction  during 
one-half  of  the  reversing  alternating  current.  Thus, 
current  is  unidirectional,  but  only  during  one-half  of 
the  sine-wave  cycle.  Bj  combinit^  two  units  and  a 
center  tap  from  a transformer,  rectification  through- 
out the  full  sine-wave  can  be  achieved.  A smoothing 
inductance  connected  in  scries  with  the  load  in  such  a 
device  effectively  smooths  out  the  wave  peaks  to  a 
relatively  small  pulsating  ripple. 

In  practice,  most  rectifiers  employ  bridge  circuits 
to  achieve  such  full-wave  rectification;  however,  the 
active  components  of  which  may  be  diodes  or 
thyristors  (silicone-controlled  rectifiers).  The  output 
results  are  a scries  of  square  current  pulses,  which 
together  produoc  a continuous  current  output.  Rip- 
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TABLE  7-1.  OUTPUTS  OF  CONVERTERS  RELATIVE  TO 
CONTINUOUS-CURRENT  GENERATOR 


POWLR-FACTQR,  % 

continuous- 

current 

generator 

single-phase 

converter 

THRLt-PHASE 
CONVERT  tR 

FOUR-PHASE 

CONVERTER 

SIX-PHASE 

CONVERTER 

100 

100 

85 

132 

101 

194 

90.5 

100 

78 

120 

145 

170 

90 

100 

74 

109 

128 

145 

ole  voltages  in  the  DC  output  can  be  avoided  by  the 
use  of  polyphase  input  supplies. 

MIL-STD-704  specifics  that  utilization  equipment 
requiring  an  AC  input  of  500  volt-amperes  (VA)  or 
more  and  a 28  V DC  output  of  5 A or  less  shall  use 
static  conversion,  unless  it  is  designed  specifically  for 
use  with  DC  generators. 

7 2.5.2  DC  to  AC  Converters 

Devices  for  converting  DC  into  AC  also  fails  into 
two  fundamental  classes:  rotary  and  static.  The 
rotary  class  arc  basically  the  same  types  of  devices 
used  in  AC-DC  conversion  — they  may  be  either 
motor-generator  sets  or  synchronous  converters;  the 
synchronous  converter  having  the  capability  of  ope- 
rating on  DC  and  converting  into  AC.  In  this  con- 
dition they  arc  said  to  be  operating  inverted  and 
therefore  are  known  commonly  as  inverters.  In 
general,  what  has  been  said  regarding  motor-genera- 
tors versus  synchronous  converters  remains  true  here 
— the  inverters  arc  more  efficient,  cheaper,  and  more 
compact  than  comparable  motor-generator  sets.  In 
this  DC-AC  mode,  however,  some  suitable  electrical 
or  mechanical  speed  control  must  be  used  since  con- 
verters tend  to  “run  away"  in  this  condition.  (The 
highly  inductive  load  weakens  the  field  through 
armature  reaction  and  allows  the  speed  to  increase.) 

For  most  ordinary,  i.c.,  relatively  low-load,  appli- 
cations the  most  common  DC-AC  conversion  device 
is  the  static  inverter.  This  is  a circuit  that  alternately 
connects  the  output  lines  to  opposite  side  of  the  DC 
supply  typically  via  the  use  of  such  solid-state  com- 
ponents as  thyristors.  Such  semiconductor  inverters, 
using  both  thyristors  and  transistors  in  three-phase, 
full-wave  bridge  circuits,  are  in  conventional  aircraft 
use.  The  choice  between  rotary  and  static  inverter  in 
any  specific  case  must  depend  upon  such  parameters 
as  the  available  input  sources,  the  required  output 
characteristics  of  the  system,  and  the  relative  costs 
and  weights. 


7-3  BATTERIES 

In  general,  battery  selection  is  based  upon  battery 
characteristics,  electrical  characteristics  of  generators 
and  associated  controls,  utilization  loads,  and  cer- 
tain assumptions  in  nircraft  operations. 

7-3.1  BATTERY  CHARACTERISTICS 

Nickel-cadmium  and  silver-zinc  storage  batteries 
presently  zrr.  used  in  aircraft  eicciricai  systems.  Each 
electrochemical  system  has  particular  service 
characteristics.  Nickel-cadmium  exhibits  excellent  cy- 
cle life  and  output  over  a wide  range  of  discharge 
rates,  and  is  preferred  to  other  systems  for  starling 
turbine  engines.  Silver-zinc  gives  the  highest  electrical 
output  per  unit  weight  and  volume,  but  is  the  most 
expensive  of  batteries  and  has  the  shortest  cycle  life. 
Lead-acid  is  the  oldest  of  the  systems,  and  is  used  in 
helicopter  design  not  requiring  main  engine  starts.  It 
is  well-adapted  to  most  conventional  electrical  cir- 
cuits requiring  moderate  discharge  rates.  Typical 
comparative  characteristics  are  listed  in  Table  7-2. 

7-3.2  GENERATOR  CONTROL 
BATTERY  CHARGING 

Engine-driven  generators  are  subject  to  variations 
in  speed  in  the  approximate  ratio  of  3:1.  Thus,  a 
voltage  regulator  must  be  provided  in  order  to  main- 
tain constant  voltage  at  high  engine  speeds.  The 
generator  is  dropped  ofT  the  bus  by  the  reverse 
current  relay  at  all  lower  engine  speeds,  and  the 
battery  must  assume  all  utilization  loads  at  engine 
speeds  below  the  cutoff  value.  Various  generator  and 
voltage  regulator  combinations  have  been  designed 
that  maintain  system  voltage  down  to  idling  speed. 

If  the  generator  is  current  limited,  the  manner  in 
which  the  battery  is  charged  will  depend  upon  the  uti- 
lization load  current  during  a specific  time  interval, 
and  upon  the  state  o :harge  of  the  battery  in  that 
period. 
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TABLE  7-2.  TYPICAL  CHARACTERISTICS  OF  24  V,  34  AH  BATTERY  SYSTEMS 


■-T  Y P E 

if  • 

WEIGHT. 

lb 

W-hr/lb 
AT  2 hr 
RATE 

CURRB'IT 

CAPABILITY 

W-hr/lb 
AT  200  A, 
80°f 

W-hr/lb 
AT  200  A. 
0°F 

RETENTION 
OF  CHARGE 
14  DAYS 
AT  90° F 

No.  OF 
CELLS 

AVERAGE 
CPU  * 
VOLTAGE 

NICKEL-CADMIUM 

75 

10-13 

60  x CAPACITY 

9 

7 

93% 

19  ■ 

.1.25 

LEAD-ACID 

78 

10-13 

20  x CAPACITY 

5 

3 

90% 

12 

1.9 

SILVER-ZINC 

34 

2530 

6 x CAPACITY 

17 

16 

88% 

17 

1.4 

When  the  generator  output  current  docs  not  reach 
the  current-regulator  limit,  the  battery  will  charge  at 
constant  voltage.  The  charging  current  will  be  deter- 
mined by  the  state  of  charge  of  the  battery  during  the 
time  intervals  considered.  When  the  generator  out- 
put current  tends  to  exceed  the  current-regulation 
limit,  the  regulator  automatically  reduces  the 

generator  voltage  so  as  to  liir.’t  the  current  to  the 
.regulated  value.  Under  these  conditions,  the  battery 
win  be  charged  at  a constant  current  equal  to  the  dif- 
ference between  the  regulated  current  and  the 
utilization-load  current.  The  increase  in  battery  state- 
of-charge  Ac  in  this  case  can  be  computed  by  the 
following  formula: 

A,  - , A-hr  (7-2) 

where 

lc  * charging  current,  A 

le  m charging  time,  min 

0.8  » charging  efficiency 

When  total  system  loading  — including  battery 
1 charging  — exceeds  the  continuous  rating  of  the 
generator,  a current  regulator  limits  the  output 
current  to  a safe  value.  This  means  that  the  battery 
must  supply  the  difference  between  the  utilization 
load  current  and  the  maximum  generator  current. 

In  any  case,  when  the  system  is  operating,  the 
battery  is  always  either  charging  or  discharging  at 
some  rate  determined  by  the  demands  of  the  overall 
utilization  system  and  the  output  of  the  generator. 
The  actual  conditions  of  the  charging  state  at  any 
time  are  controlled  by  the  generator  voltage  and 
current  regulator. 

Battery  temperature,  especially  in  nickel-cadmium 
batteries,  should  be  monitored  to  prevent  over- 
heating, which  reduces  capacity.  A combination  of 
high  battery  temperature  (ie.,  in  excess  of  150° F)  and 


overcharging  at  constant  voltage  can  result  in  a con: 
dition  called  “thermal  runaway”.  This  is  an  un- 
controllable rise  in  battery  temperature  that  ulti- 
mately wilt  destroy  the  battery.  As  the  temperature 
increases,  the  effective  internal  resistance  decreases, 
permitting  ever-higher  currents  to  be  drawn  from  the 
constant-voltage  source.  This  in  turn  decreases  the  re- 
sistance still  further,  in  an  ever-increasing  spiral. 

In  general,  the  over-all  condition  of  the  battery 
should  be  monitored  during  charging.  Some  instal-  i 
lations  incorporate  control  systems  (battery  con-  \ 
ditioner/anaiyzers)  which  monitor  temperature  and 
state-of-charge,  constantly  analyze  the  general  bat- 
tery status,  and  cut  the  charging  process  on  and  off  as 
conditions  dictate. 

Such  systems  typically  use  other  approaches  to 
battery-charging,  some  of  which  are  itemized  in 
Table  7-3,  along  with  tneir  principal  operational 
characteristics. 

7-3.3  UTILIZATION  LOAD  ANALYSIS 

1 he  utilization  load  assignments  should  be  based 
upon  the  most  demanding  conditions  likely  to  be  en- 
countered during  operation.  For  example,  it  should 
be  assumed  that  the  aircraft  is  oper  ting  st  night, 
with  landing  lights  used  during  takeoff,  climb,  and 
landing.  Approximate  data  concerning  the  duration 
of  each  load  should  be  known  or  assumed.  To  obtain 
conservative  results  from  the  load  analysis,  the  inter- 
mittent load  peaks  usually  are  considered  to  occur 
concurrently.  Despite  the  short  duration!  heavy 
loading,  such  as  during  engine  starting,  can  reduce 
the  battery  capacity  sharply  and  should  b6  con- 
sidered. 

The  load  analysis  is  prepared  for  an  arbitrary  set  of 
operating  conditions.  Too  severe  a set  of  conditions 
would  overburden  the  power  system  during  pipst 
operations.  An  overly  optimistic  choice  of  condi- 
tions would  limit  the  usefulness  of  the  aircraft.  The 
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TABLE  7-3.  ALTERNATIVE  CHARGING  METHODS 


MKTHQD 

EffECT  ON  BA'TFRy  PERFORMANCE 

CHARGER  CONSIDERATIONS 

SYSTEM  CONSIDERATIONS 

PRINCIPLE  OF  OPERATION 

maintenance 

OPERATIONAL 

CAPABILITY 

TRUE  CONSTANT 

potential 

BATTERY  CHARGED  AT  CONSTANT 

voltage,  initial  charge 
current  limiteq  only  by 

SOURCE  ANO  LINE  IMPEDANCE 

MAX  ELECTROLYTE 
LOSS  EACH  CYCLE 

fast  richarge 

POSSIBLE 

simple  design 

DOES  NOT  RtOuiAt 
CE'LS  MATCHED  CLO<lL* 

CONSTANT 

rOTKNTIAL/ 

CONSTANT 

CURRENT 

BATTERY  CHARGED  AT  TEMPER- 
ATURE -COMPENSATED  voltage. 
CURRENT  LIMITED  IN  IT  ALLY  BY 
BATTERY  CONSIDERATIONS 

ELECTROLYTE 
LOSS  EACH  CYCU 

FACII  ITATES 
QUICK  RECHARGE 

REGUIRES  BATTERY  TEMPERATURE 

SENSOR 

REQUIRES  WOE  RANGE  OF 
POWER  HANDLING  CAPABILITIES 

REQUIRES  GOOD  MATCHING  OF 
CHARGER  VOLTAGE  TO  B/TTERY 
CHARACTERISTICS  to  AVOID 
thermal  runaway  of  nickel 
CADMIUM  CELLS 

OOES  NOT  RCOUiRE 

cells  matched  closely 

MUlTl~L&VfcL 

CONSTANT 

CURRENT 

jmtter.  charge  Reduced  as 
state— op -Charge  increases 

ELFCTROlYTE 
LOSS  EACH  CYCLE 

REQUIRES  LONGER 

recharge  time 

THAN  CONSTANT 
POTENTIAL 

REQUIRES  BATTERY 
temperature  SENSOR 

WOUCED  POWER  CAPABILITY 
AS  OPPOSED  TO  CONSTANT 
POTENTIAL  METHOD 

DimCUL  1 TO  DETERMINE 
optimum  charge 

TERMINATION  CONDITION 

REOIJIMS  CELLS  MATCHED 
closely  FOR  caracty 

PROGRAMMED 
PEAK  CHARGE 
IPPCI 

charging  controlled  or 
PROGRAMMED  SO  -MAT  BATTERY 
RETURN5  TO  FULL ' CHARGED 
condition  only  periodically. 
FREQUENCY  DETERMINED  BY  AC- 
CURACY OF  STAU-OF-CHARGE 
SENSING  DCVlCE.  ftH’CH  MUST 
BE  RESET  PERtOOlCAl'.Y  TO 

null  Out  errors 

ELECTROLYTE 
LOSS  ONLY  WHEN 
BATTERY  RETURNS 

to  fully  charged 
CONDI  .ION 

fAST  RECHARGE 

cycle  possible 

when  BATTERY 
NOT  FIJI  L v 

CHARGED 

REQUIRES  BATTERY 

temperature-  sensor 

REQUIRES  INTEGRATING 
DC VICr  FOR  A-hr  INPUT- 
OUTPUT  MONITORING 

requires  compensation 

FOR  CHARGE  EFFICIENCY  ANO 

POSSIBLY  standby  losses 

REQUIRES  CELLS  MATCHED 
CLOSELY  FOR  CAPACITY 

PULSE 

CHARGING 

charger  provides  reverse 
current  pulse  after  each 
charging  pulse  to  cause 

DEPOLARIZATION  Of  BATTERY 
PLATES  TO  ALLOW  BETTER  AB- 
SORPTION OF  Charging 

CURRENT 

elec  trolyte 
loss  each  cycle 

SHOULD  REDUCE 
CHARGE  TIML 
SINCE  HIGHER 
CHARGE  RATES 
CAN  8E  USEO  AS 
COMPARED  TO 
CON  SI  AN  1 PO- 

REQUIRES  H»GH  POWER 
Capability 

REQUIRES  CaiS  MATCHED 
CLOSELY  FOR  CAPACITY 

POSSIBLE  EMI  PROBLEM 

P0SSia.Y  REOuinES  battery 
REDESIGN  FOR  MOST  EFFEC- 
T'V£  utilisation 

PUlSEO 

CONSTANT 

CHARGE  CONSISTS  OF  CURRENT 
PULSES  WHOSE  PEAK  VALUES  MAY 
BE  AS  HIGH  AS  500  A . WHILE 
CONTROLLING  The  duty  cycle 
TO  OBTAIN  THE  DESIRED  AVER- 
AGE VALUE  of  current 

electrolyte 
loss  each  CYCLE 

should  reduce 

CHARGE  TIME 
AS  COMPARED 
TO  CONSTANT 

rouNti  ai 

REOuiflES  HIGH  POWER 
CAPABILITY 

REQUIRES  CELLS  MATChEO 
CLOSELY  FOR  CAPACITY 

POSSIBLE  Cmi  problem 

choice  it,  necessarily,  a compromise.  For  most  air- 
craft, the  following  is  suggested: 

1.  Battery  operating  temperature,  0°F 

2.  Duration  of  flight 

3.  Night  operation. 

See  Fig.  7-1  i for  a sample  set  of  utilization  loads 
based  on  a typical  mission  profile. 

7-3.4  HEAVY  CURRENT  STARTING 
REQUIREMENTS 

Some  aircraft  engines  have  starting  characteristics 


that  place  severe  loads  upon  batteries,  particularly  in 
extreme  low-temperature  environments,  or  where  the 
battery  is  not  used  for  long  periods.  Under  such  con- 
d ions,  not  only  is  it  more  difficult  to  start  the 
engine,  but  the  battery  itself  is  less  active  electro- 
chemically,  causing  the  internal  resistance  to  in- 
crease greatly. 

Additional  energy  must  be  incorporated  in  order  to 
insure  a reliable  system.  This  can  be  accomplished  by 
the  use  of  parallel-series  connected  batteries,  so  as  to 
provide  a marked  increase  in  the  available  voltage 
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Figure  7-11.  Sample  Set  ef  Utilization  Leads 


and  current,  resulting  in  a higher  power  output  and 
greater  torque  at  the  starter.  The  batteries  are  con- 
nected initially  in  parallel  and  then  switched  to  series 
after  a predetermined  time  delay  for  completion  of 
the  start. 

7-3.5  MAINTENANCE 

Battery  maintenance  can  pose  a serious  ope- 
rational problem.  Because  of  the  necessity  for 
periodic  addition  of  water  to  the  cell  electrolyte,  the 
battery  generally  is  removed  from  the  aircraft  on  a 
scheduled  basis,  and  operational  delays  thus  are  en- 
countered. 

Operating  water  loss  results  from  the  two  natural 
functions  of  evaporation  and  electrolytic  dissocia- 
tion. Except  at  extremely  high  temperatures,  water 
loss  by  evaporation  can  be  considered  unimportant. 
Dissociation  occurs  at  a relatively  constant  rate,  and 
is  a function  of  voltage,  current,  and  temperature. 

Higher  voltage  will  increase  the  overcharge  current 
and  gassing  rate  (Fig.  7-12).  Higher  temperatures  will 
increase  losses  by  evaporation  and  will  lower  the  po- 
tential at  which  electrolysis  occurs.  Higher  tempera- 
tures also  will  increase  the  overcharge  current  when 
charging  at  a constant  voltage. 

The  requirements  for  battery  maintenance  must  be 
considered  in  locating  the  battery  compartment.  The 


location  should  provide  for  easy  access  to  remove 
and  install  batteries  under  operational  conditions. 
Battery  installation  is  described  in  par.  7-7.8. 

7-4  VOLTAGE  REGULATION  AND 
REVERSE  CURRENT  RELAY 

7-4.1  DC  VOLTAGE  REGULATION 

DC  generating  systems  in  most  helieopt  ers  consist 
of  a starter/generator  with  a series-field  starter,  vol- 
tage regulator,  reverse-current  relay,  overvoltage 
relay,  field  relay,  starter  relay,  and  start-control  relay. 
One  or  more  of  these  components  may  be  supplied  to 
the  contractor  as  Government-furnished  equipment 
(GFE),  and  thus  will  establish  some  areas  of  the 
design. 

Military  Specifications  for  a generating  system  — 
using  carbon  pile  regulators  and  reverse  current 
relay* — include  MIL-C-5026,  MlL-R-6106,  MIL-G- 
6162,  MIL-R-6809,  MIL-R-9221.  MIL-R-25078,  and 
MIL-R-26126. 

7-4. 1.1  Voltage  Regulator 
A voltage  regulator  designed  to  incorporate  all  but 
the  line  contactor  functions,  and  having  additional 
functions  such  as  feeder  fault  protection  and  field 
weakening  for  shunt  starters,  is  available.  The 
Military  Specification  for  voltage  regulators  of  the 
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Figure  7-12.  Gases  Emitted  from  Nickel-Cadmium 
Sintered  Plate  Cell  During  Overcharge  at 
70°-75®F 


static  type  is  MIL-R-23761  However,  as  this  speci- 
fication deals  only  with  voltage  regulation  and 
paralleling,  the  system  designer  must  consider  the 
functioning  of  voltage  regulation,  generator  parallel 
ing,  field  weakening  l'or  shunt  staring.  line  contac- 
tor control,  engine  start  control,  and  protection 
against  reverse  current,  overvoltage,  ovtrcxcitation, 
startup  into  shorted  bus.  and  feeder  fault. 

It  is  recommended  that,  whenever  possible,  the 
Static  type  voltage  regulator  be  used  The  regulator 
procurement  specification  should  include  all  of  the 
foregoing  functions.  This  will  economize  on  weight 
and  installation  time  since  separate  components  will 
not  be  required. 

The  switching  action  of  some  static  voltage  regu- 
lators has  caused  application  problems.  Switching 
frequencies  that  arc  kept  constant,  and  at  values 
above  1WX)  Hz,  generally  will  be  above  any  engine  or 
generator  resonant  frequencies.  This  switching  action 
also  can  produce  some  radio  frequency  noise;  but  if 
proper  switching  speeds  ard  filtering  are  used,  radio 
noise  can  be  held  to  a minimum.  Locating  the  regu- 
lators close  to  the  generator  also  will  serve  in  keeping 
down  radiated  and  conducted  interferences. 

The  use  of  shunt  starters  with  field  weakening  is  a 
recent  approach  to  turbine  engine  starting.  The 
regulators  sense  the  voltage  on  the  startcr/gcnerator 
at  the  equalizer  terminal,  and  use  this  variable- 
current  voltage  by  varying  the  shun  field  current  in 
the  slarter/generator  so  as  to  provide  a prede- 
termined armature  current.  Startcr/generators  with 
interpole  windings  can  develop  a shunt  field  current 
that  can  result  in  no-loaa,  overspeed  self-destruction. 
In  case  of  shaft  failure,  a means  must  be  provided  to 
lim'.t  the  no-load  speed.  Some  manufacturers  pro- 


vide, as  an  integral  part  of  the  starter/generator,  a 
tachometer  generator  that  enables  the  icgulator  to 
sense  speed,  thereby  terminating  the  start  at  a pre- 
determined speed.  The  primary  advantage  of  shi'nt 
starting  is  weight  economy. 

A line  contactor,  designed  in  accordance  with 
M1L-R-0106  and  with  the  proper  rating,  can  be  used 
to  connect  the  ge  .erator  to  the  bus.  This  contactor 
also  would  be  used  fi_r  the  starter  armature  current 
during  starting,  and  by  tht  reverse  current  overvol- 
tage, overcscitation,  staroip  into  short,  and  feeder 
fault  functions  in  disconnecting  the  generator  from 
the  bus. 

A relay  in  the  regulator  should  be  used  to  de-excite 
the  generator  in  the  event  of  overvoltage,  overexcita- 
tion. startup  into  short,  and  feeder  fault  conditions. 

7-4.1 .2  Reverse  Current  Relays 

The  reverse  current  (cutout)  relay  is  designed  to 
connect  and  disconnect  a generator  automatically 
from  the  bus  in  a 28  V DC  system.  The  reverse 
current  relay  will  close  when  the  generator  is  pro- 
ducing 18  to  28  V and  is  a»  lecst  0.5  V aoove  the  bus 
potential.  Depending  upon  the  unit-rating,  when  the 
generator  voltage  drops  below  bus  voltage,  the  relay- 
will  open  with  a given  reverse  current.  These  units  are 
available  in  100-,  300- . and  600-A  continuous  ratings. 
Depending  upon  generator  '-apacity,  reverse  current 
relays  shall  be  sized  to  match  the  maximum  con- 
tinuous generator  output. 

7-4. 1. 3 Overvolt»«e  Relays 

Overvoltage  relays  arc  used  to  remove  the 
generator  from  the  bus  by  tripping  the  field  relay  if 
the  generator  voltage  exceeds  a specified  limit. 

7-4.2  AC  VOLTAGE  REGULATION 

MIL-G-21480  is  a representative  Military  Specifi- 
cation for  AC  systems.  Highly  reliable  control  units 

— which  provide  voltage  regulation,  field  relay  con- 
trol, contactor  control,  and  overvoltage,  under- 
voltage,  feeder  fault,  and  underfrcqucncy  protection 

— are  available  in  solid-state  versions. 

AC  generator  manufacturers  design  and  build 
static  AC  voltage  regulators  to  match  their  genera- 
tors. The  designer  must  consider  the  electromagnetic 
interference  requirement,  regulator  operation  en- 
vironmental conditions,  and  the  qualification  data 
before  choosing  a regulator. 

7-5  OVERLOAD  PROTECTION 

7-5.1  GENERAL 

The  primary  objectives  of  overload  protection  are 
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to  limit  malfunction  automatically  to  & single  circuit, 
and  to  minimize  the  danger  of  smoke  and  fire  not 
only  in  the  components,  but  alto  in  the  wiring. 

Overload  protection  of  the  equipment  should  be 
considered  separately  from  circuit  overload  protec- 
tion. In  order  to  obtain  maximum  safe  use  of  the 
equipment,  any  protection  required  shall  be  integral. 
If  the  equipment  is  not  required  in  order  to  maintain 
controlled  flight,  and  maximum  equipment  use  it  not 
necessary,  the  equipment  and  circuit  protection  may 
be  accomplished  by  the  same  device,  provided  that 
this  dual  function  does  not  conflict  with  the  basic 
requirement  of  protecting  the  wiring  bringing  power 
to  the  equipment. 

The  primary  intent  of  circuit  protection  is  to  pro- 
tect the  interconnect  wiring  and  the  equipment.  All 
wires  measuring  more  than  i ft  horn  the  bus  to  the 
load  shall  be  provided  with  some  form  of  circuit  pro- 
tection. Proper  selection  of  the  protective  device 
should  result  in  the  lowest  rating  that  will  not  open 
the  circuit  inadvertently. 

A circuit-protection  device  should  be  u.'ed  at  any 
point  in  the  circuit  where  the  wire  size  changes,  un- 
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wire.  Where  more  than  one  circuit  is  fed  from  a single 
circuit-protection  device,  the  protection  should  be 
sized  to  provide  adequate  protection  for  the  in- 
dividual circuit.  The  circuit  protection  should  be  lo- 
cated os  close  to  the  power  source  as  is  practicable  in 
ord.r  to  minimize  unprotected  wiring. 


7-5.2  OVERLOAD  PROTECTION  DEVICES 


Overload  protection  devices  fall  into  three  cate- 
gories circuit  breakers,  including  remote  circuit 
breakers;  current  sensors;  and  fuses. 


7-5.2. 1 Circuit  Sinkers 
Circuit  b inkers  n.ay  be  actuated  either  thermally 
or  magnetically.  Both  type*  are  covered  by  MIL-C- 
5809. 


7-5.2. 11  Thermal  Circuit  Breakers 

The  actuation  of  thermal  circuit  breakers  is  de- 
pendent upon  a temperature  increase  in  the  sensing 
element  which  is  produced  principally  from  the  load 
current  heating.  The  thermal  element  will  be  affected 
by  extcrnrl  heating  or  cooling,  and  must  be  derated 
or  uprated  from  calibration  temperature  to  allow  for 
fluctuations  in  ambient  temperature.  The  majority  of 
the  circuit  breakers  used  at  tire  present  ti-ne  are  of  the 
thermal  type. 


7-5J.1J  Mtigmife  Circuit  Breakers 
Magnetic  circuit  breakers  use  a trip  mechanism 


that  responds  to  a nsrgnetic  effect  rather  than  to  the 
heating  effect  of  the  current  carried  by  the  breaker. 
Magnetic  circuit  breakers  normally  incorporate  time 
delay  to  as  to  avoid  nuisance  tripping  from  current 
surges  of  short  durst: on.  Although  the  magnetic  cir- 
cuit breakers  are  less  affected  by  adverse  environ- 
ment, they  are  not  used  to  the  extent  that  thermal  cir- 
cuit breakers  are  because  the  trip  characteristics  of 
magnetic  circuit  breakers  may  be  affected  by  their 
mounting  position  and  vibration. 


7-5 Jt.2  ktpotr  Control  Circuit  Brer. km 
A remote  control  circuit  breaker  consists  of  a con- 
tactor whose  solenoid  circuit  is  controlled  by  a 
current-sensitive  element,  plus  a manual-switching 
and  trip-indicating  device.  The  latter  unit  often  con- 
sists of  a man-tally  operated  circuit  breaker  arranged 
so  as  to  trip  whenever  the  rrmote  sensor  trips.  The  re- 
mote circuit  breaker  can  be  utilized  best  for  bus 
feeders  and  wiring  connected  to  a single  load. 
Although  an  approved  remote  control  circuit  breaker 
is  not  available,  Military  Specification  MIL-C- 83383 
is  being  developed  for  a family  of  remote  control  cir- 
cuit breakers. 


7-5 .2 J Current  Sensors 


A current  sensor  is  used  in  conjunction  with  & con- 
tactor and  a manual-switching  or  trip-indicating  de- 
vice in  order  to  obtain  the  actuation  of  a remote  con- 
trol circuit  breaker.  The  sensor  current-sensitive  ele- 
ment controls  the  solenoid  of  the  contactor.  The  trip- 
indicating  device  often  consists  of  a manually 
operated  circuit  breaker  arranged  so  as  to  trip  when- 
ever the  current  limit  of  the  sensor  is  exceeded.  When 


si  circuit  breaker  is  used  with  a current  sensor  as  n 


'rip-indicating  device,  the  lowest  possible  rating 
should  be  used  in  order  to  obtain  ari  immediate  indi- 
cation of  when  the  sensor  has  tripped.  Ike  current 
sensor  can  bn  utilized  best  when  there  is  * need  to 
control  a high-current  load,  such  as  in  motor  with  a 
low-current  control  circuit,  and  to  keep  the  high- 
current  loads  to  a minimum  length. 


7-S.2.4  Fuses 

A fuse  relies  upon  the  melting  of  the  current- 
carrying  element  in  order  to  open  the  circuit  when  an 
overload  occurs.  The  four  basic  fuse  types  arc:  nor- 
mal, time  delay,  very  fast-acting,  and  current- 
limiting. 

Each  type  of  fuse  ic  available  in  a variety  of 
characteristics  so  as  to  meet  various  circuit  require- 
ments. For  a complete  listing  of  characteristics,  refer 
to  MIL-F-23419  and  MIL-F-5372. 
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7-5.3  OVERLOAD  PROTECTION 
APPLICATION 

Circuit  breakers  arc  preferred  to  fuses.  A fuse  must 
be  replaced  once  its  current  limit  has  been  exceeded, 
and  replacement  with  an  improper  size  or  type  is 
possible.  Circuit  breakers  should  be  grouped  in  order 
of  function  or  usage,  ar.d  should  be  labeled  by  func- 
tion for  rapid  identification.  They  should  be  located 
ip.  a protective  panel,  or  covered  so  as  to  eliminate  the 
possibility  of  hazard  to  personnel  or  contamination 
by  foreign  objects.  The  placement  of  circuit  breakers 
in  the  crew  area  should  be  avoided.  Only  those 
necessary  in  order  to  maintain  safe  flight  should  be 
accessible  to  the  flight  crew,  as  any  malfunction  must 
be  corrected  prior  to  reinstating  the  circuit. 

The  installation  requirements  for  fuses  and  circuit 
breakers  are  detailed  in  MIL-E-7080. 

7-6  ELECTROMAGNETIC 

INTERFERENCE  (EMI/EMQ 

7-6.1  GENERAL 

Electromagnetic  compatibility  (EMC)  describes 
the  ability  of  aircraft  electronic/electrical  equipment 
to  perform  in  its  intended  operational  environments 
without  suffering  or  causing  unacceptable  degrada- 
tion as  a result  of  unintentional  electromagnetic 
radiation  or  response,  i.e.,  electromagnetic  inter- 
ference (EMI). 

EMI  is  generated  by  a varying  electrical  or  mag- 
netic field.  As  a result,  almost  any  device  carrying 
electrical  current  is  a possible  source  of  interference. 
Likewise,  within  a weapon  system,  each  subsystem  is 
a potential  victim  of  a generated  interference.  In  the 
course  of  EMC  qualification  of  a weapon  system, 
electrical  equipment  victim  response  to  interference 
sources  is  defined  and  evaluated.  The  solution  is  to 
control  the  EMI  by  reducing  the  magnitude  of  inter- 
ference, isolating  the  source,  or  designing  the  re- 
ceptor to  be  less  susceptible  to  the  EMI. 

To  achieve  a compatible  weapon  system,  the  entire 
environment,  from  intercircuit  and  intersystem  to  in- 
trasystem, must  be  considered  by  following  inter- 
ference specifications  and  state-of-the-art  engineer- 
ing designs.  The  same  results  can  be  achieved  by 
several  mear.s;  and  the  best  solution  depends  upon 
the  judgment  of  the  cognizant  engineer,  and  upon  the 
budget  and  time  allowance  of  the  particular  ap- 
plication. 

This  paragraph  outlines  the  design  procedures  for 
the  determination  of  acceptable  EMI  levels.  In  addi- 
tion, the  identification  of  sources  of  interference  and 


possible  methods  of  compatibility  correction  or  al- 
leviation are  discussed. 

7-6.2  ACCEPTABILITY  REQUIREMENTS 

Unacceptable  equipment  responses  to  EMI  levels 
are  exhibited  as  aural,  video,  or  equipment  mal- 
functions. In  some  cases,  negative  aural  response  can 
be  acceptable  if  testing  indicates  that  it  docs  not  af- 
fect overall  mission  capability  or  Slight  safety. 

EMC  tests  are  required  to  demonstrate  control  of 
the  electronic  interference  environment.  The  detailed 
requirements  for  these  tests  shall  be  specified  in  the 
contract©.  s control  and  test  plan.  See  par.  9-11, 
AMCF  706-7.03,  for  a discussion  of  the  helicopter 
system,  EMC  demonstration  requirements. 

In  testing  certain  equipment  — for  example,  ord- 
nance — for  undesirable  response,  it  is  necessary  to 
insure  that  the  system  functions  within  a wide  safety 
megin.  Military  requirements  stale  that  an  inter- 
ference signal  impressed  upon  the  most  critical  point 
of  a subsystem  must  be  at  least  6 dB  (20  dB  for 
explosives)  below  the  level  that  would  cause  an  un- 
desirable response.  Items  of  equipment  that  directly 
affec*  flight  safety,  or  that  cause  or  lead  to  & mission 
abort  or  to  failure  to  accomplish  a mission,  are  de- 
termining factors  for  the  safety  margin  tests  as  in- 
dicated in  MIL-E-6051. 

7-6.3  INTERFERENCE  SPECIFICATIONS 

Military  Specifications  require  that  sufficient  tests 
be  made  of  equipment  or  weapon  systems  io  insure 
that  they  are  compatible 

Specifications  and  standards  applicable  to  the 
design  requirements  and  test  procedures  necessary  to 
control  the  electronic  interference  environment  of « 
helicopter  are  MH.-B-5087,  MIL-E-6051,  MIL-I- 
16165,  MIL-STD-454,  MIL-STD-46I,  and  MIL- 
STD-462.  In  general,  the  most  current  specification 
in  force  will  be  the  controlling  factor  for  EMC  quali- 
fication. 

7-6.4  INTERFERENCE  SOURCES 

Electromagnetic  interference  originates  from  either 
natural  or  manmade  sources.  Natural  sources  include 
atmospheric,  precipitation,  corona,  and  lightning  dis- 
charge noise.  Natural  EMI  varies  randomly  with 
time,  geographical  area  of  operations,  and  seasonal 
conditions.  This  type  of  interference  generally  a fleets 
a broad  frequency  range  in  the  low-frequency  band. 

Manmade  sources  of  EMI  are  either  broadband  or 
narrowband  generators,  and  they  must  be  evaluated 
and  bandied  separately. 

Broadband  interference  distributes  energy  over  a 
wide  frequency  spectrum,  and  can  be  either  random 
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or  constant  in  time  and  amplitude.  Typical  broad- 
band generators  of  EMI  are  motors,  switches,  power 
distribution  lines,  ground  currents,  pulse  circuits, 
transistors,  and  capacitors 

Narrowband  interference  is  produced  by  an  oscil- 
latory circuit  that  contains  energy  only  at  the  fre- 
quency of  oscillation  or  its  multiples.  The  output  har- 
monics of  a communication  transmitter  or  its  internal 
oscillators  are  typical  of  narrowband  EMI.  Spurious 
outputs  of  a transmitter  or  receiver  can  cover  a wide 
range  of  frequencies  and  exhibit  the  characteristics  of 
broadband  noise;  however,  the  energy  distribution  is 
defined  sharply. 

Inherent  interferences  unique  to  the  helicopter  can 
arise  from  sources  such  as  the  rotating  members  of 
the  engine,  drive  shaft,  and  main  and  tail  rotors. 

In  small-  and  medium-sized  helicopters,  radio/ 
radar  operation  frequently  is  hampered  seriously  by  a 
phenomenon  called  rotor  modulation  which  creates 
problems  especially  in  VOR/ILS,  ADF,  and  some 
communication  systems.  Rotor  modulation  inter- 
ferences arise  due  to  the  chopping  or  reflection  of  the 
RF  signal  by  the  main  rotor.  The  rotor  speed  and  the 
number  of  rotor  blades  combine  tG  pass  a given  point 
resulting  in  the  modulation  of  the  arriving  RF  sig- 
nal These  distortion  perturbauens  (amplitudes, 
cancellations,  or  harmonics)  can  set  up  interference 
patterns  that  create  navigation  system  noise,  error, 
and  needle  oscillation.  The  interference  can  become 
critical  when  integrated  flight  control  systems  are 
used,  resulting  in  helicopter  oscillation. 

The  expanding  use  of  helicopters  in  a variety  of  en- 
vironments has  resulted  in  interference  sources  not 
considered  previously.  These  interference  effects  can 
downgrade  seriously,  or  even  prevent,  a particular 
mission  capability.  Some  interference  problems  arise 
from  atmospheric  field  charging  potentials,  precipi- 
tation charging,  corona  discharge  phenomenon  (elec- 
trons accelerated  by  a strong  electrical  field  around  a 
sharp  point),  or  triboelectric  charging  potentials  (fric- 
tional charging  as  a result  of  dissimilar  material  con- 
tact). 

Of  these  sources,  probably  the  most  noticeable 
effect  for  EMC  qualification  will  be  produced  by  the 
triboelectric  charging  of  helicopter  rotating  members 
(engine,  transmission,  drive  shaft,  and  rotors). 

7-45,5  INTERFERENCE  SUPPRESSION 

EMI  within  a subsystem  may  be  divided  into  four 
categories: 

1.  Device  signal  interference  emissions 

2.  Device  susceptibility  to  such  signals 

3.  Transmission  path  of  interfering  signals  (solid 
or  wave) 


4.  Interference  time  coincidence,  i.e.,  signal  pre- 
sentation during  limes  of  receptor  susceptibility. 

The  complexity  of  the  subsystem,  and  the  number 
and  magnitude  of  the  internal  interference  sources, 
determine  the  choice  of  protective  design  ap- 
proaches. Bask  approaches  to  interference  reduction 
within  tne  helicopter  or  subsystem  include: 

1.  Design  of  inherently  interference-free  com- 
ponents 

2.  Equipment  isolation 

3.  Cable  routing 

4.  Source  suppression 

3.  Signal  point  containment  ai\d  suppression. 

7-6.5. 1 Interference-free  Components 

All  electrical  systems  shall  meet  the  limits  imposed 
by  the  applicable  equipment  specification,  such  as 
MIL-STD-461.  These  specifications  primarily  are 
concerned  with  radiation,  and  with  susceptibility  to 
radiation-  or  conduction-propagated  broadband  and 
narrowband  interference.  Compliance  with  these 
specifications  represents  maximum  state-of-the-art 
interference  control.  However,  the  specifications  arc 
broad  and  do  not  necessarily  soWe  the  interference 
problems  arising  in  all  systems.  If  individual  border- 
line component  interference  sources  arc  not  elimi- 
nated, compliance  with  specification  limits  does  not 
insure  that  EMC  problems  will  not  develop  when  the 
total  system  degrades  from  specification  limits. 

7-6.5„2  Equipment  Isolation  and  Cable  Routing 

Many  EMC  problems  art  solved  by  positioning 
electronic  equipment  or  routing  cables  such  that  th‘.‘> 
pick  up  or  radiate  minimal  interference.  Location 
and  orientation  are  two  important  parameters  in  pie- 
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attenuates  with  distance,  antenna  location  and  orien- 
tation can  prevent  or  reduce  EMI. 

Simple  shielding  of  cables  is  not  always  effective, 
due  to  the  magnitude  of  interfering  signals.  In  such 
instances,  isolation  of  equipment  cables  is  necessary. 
Separation  of  high-level  from  low-leve!  cables  may  be 
required,  depending  upon  design  and  space  allow- 
ances. Signal  wires  and  primary  power  cables  may  re- 
quire separate  routing  even  when  terminating  at  a 
single  connector. 

If  interference  is  a result  of  equipment  location  or 
cable  routing,  the  following  areas  should  be  investi- 
gated: 

1.  Power  and  control  wiring  run  separately  from 
signal-carrying  wires 

2.  Audio  frequency  wires  run  separately  from 
wires  of  higher  frequency 

3.  Provisions  madi  for  the  right-angle  crossing  of 
sensitive  circuit  cables 
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4 Pro.*;;  wire  types  used 
3.  Maximum  spatial  separation  of  antennas  or  in- 
terference-producing cables 
6.  Grouping  of  noninterfering  equipment  away 
from  known  interference  sources. 


7-6 .5.3  Source  Suppression  and  SusceptibfVty  Reduc- 
tion 

After  using  physical  isolation  and  cable  routing  to 
the  maximum  extent,  additional  techniques  for  EMI 
source  and  susceptibility  reduction  include: 

1.  Grounding  and  bonding 

2.  Cable  and  equipment  shielding 

3.  Filtering. 

Source  suppression  is  the  application  of  ap- 
propriate bypassing,  decoupling,  or  filtering  at  the 
source  of  interference  or  at  a point  of  maximum  sus- 
ceptibility. 


7-4,5 .3.1  Grounding  and  Bonding 

A fundamental  requirement  for  helicopters  is  the 
establishment  of  a well-bonded,  low-impedance 
ground  plane  extending  to  &!!  extremities.  A uni- 
potcntial  ground  plane  prevents  EMC  problems  re- 
sulting from  unequal  ground  potentials  and  ground 
loop  currents,  and  reduces  the  possibility  of  equip- 
ment transmitting  or  receiving  undesired  energy 
while  insuring  that  shield  and  filter  applications  are 
effective. 

Bonding  refers  to  the  method  in  which  various  sub- 
systems or  structures  are  conncc'ed  or  integrated 
electrically  and  mechanically.  Bonding  avoids  the  de- 
velopment of  electrical  potentials  between  adjacent 
metallic  parts,  and  provides  homogenous  flow  of 
radio  frequency  currents  between  subsystems  and 
structures.  MIL-B-5087  provides  detail  requirements 
for  all  bonding  aspects  of  airborne  systems. 


7-6.S.3.2  Shielding 


A major  area  of  practical  EMI  suppression  in- 
volves the  application  of  component  or  cable 
shielding.  Effective  use  of  shielding  requires  investi- 
gation of  the  interference  signals,  and  of  the  nature  of 
metallic  shielding.  The  question  of  whether  the 
source  or  receptor  is  prevented  from  radiating  or  re- 
ceiving undented  signals  deserves  equal  attention. 


Metallic  shielding  is  dependent  upon  the  inter- 
fering signal  component,  e.g.,  the  electrical  or  mag- 
netic field.  The  lowest  frequency  for  which  a desired 
shielding  is  required  normally  determines  the  type  of 
shielding  material. 

High-permeability  materials  can  be  used  to  im- 
prove shielding  effectiveness  for  low-frequency,  low- 
impedance  magnetic  fields.  Aluminum,  copper,  or 


ferrous  materials  will  provide  shielding  above  audio 
frequencies  (electrical  fields). 

Shielding  used  to  contain  interference  is  de- 
pendent primarily  upon  the  attenuation  (absorption) 
properties  of  the  shield.  Reflection  lots  becomes  an 
important  consideration  for  exclusion  of  interfering 
signals. 

Discontinuities  in  a shielded  enclosure  cat;  pro- 
vide an  entry/exit  path  for  EMI  radiation.  Venti- 
lation openings,  panel  meters,  access  cavers,  dial 
shafts,  or  switches  are  possible  EMI  containment 
problem  areas. 

Interference  coupling  of  electronic  subsystems  can 
be  reduced  by  careful  selection  of  interconnecting 
cables.  Types  of  interconnecting  cables  available  to 
the  designer  include  unshielded  wire,  twisted  pair, 
shielded  wire  (single  or  double),  twisted  shielded  pair, 
and  coaxial  (single  or  multiple  shield). 

The  selection  of  interconnecting  cables  to  reduce 
interference  coupling  and  audio  crosstalk  will  be  de- 
pendent upon  physical  isolation  of  the  operating  fre- 
quency range,  and  the  power  and  susceptibility  levels. 
In  general,  a shielded  wire  provides  protection 
against  electrical  Helds,  while  the  twisted  pair  re- 
duces susceptibility  to  magnetic  Helds. 

To  achieve  maximum  EMI  shielding  from  en- 
closures and  shielded  cables,  it  is  necessary  to  termi- 
nate them  effectively  to  the  helicopter  unipotential 
ground  plane.  Both  multipoint  and  single-point 
ground  systems  provide  certain  design  features. 

Single-point  grounding  (floating  shield)  may  pro- 
vide the  best  approach  where  the  possibility  of  inter- 
ference coupling  with  sensitive  low-frequency  cir- 
cuits is  a matter  of  concern.  When  a shielded  cable,  in 
a sensitive  circuit,  is  grounded  at  both  ends  for  the 
return  circuits,  po  wer  frequencies  in  the  ground  plane 
can  induce  audio  frequency  interference  in  the  signal 
wires. 

When  electronic  and  electrical  equipment  is  dis- 
tributed over  large  areas,  experience  has  shown  that 
multipoint  grounding  is  superior  for  RF  frequencies. 
Multipoint  grounding  involves  shield  grounding  at 
both  ends  of  all  cables,  and  at  al!  immediate  points 
where  the  cable  runs  through  equipment. 

A 'plication  of  proper  shielding  techniques  for  in- 
terference alleviation  should  be  performed  in  the 
following  areas: 

1.  The  radiation  source  or  sensitive  component 
should  be  installed  in  a properly  bonded  metallic 
housing  with  limited  openings. 

2.  The  magnetic  field  should  be  directed  away 
from  sensitive  components  or  wiring  by  use  of  low- 
reiuctance,  high-permeability  material. 

3.  Twisted,  shielded,  or  shielded  and  twisted  cable 
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should  be  used  for  AC  and  DC  power  chcuits  in 
order  to  prevent  coupling  of  super-imposed  EMI 
noise  and  transients. 

4.  Two  conductor-twisted  and  -shielded  cables 
should  be  used  for  DC  signal,  control,  and  audio  cir- 
cuits. Single-point  grounding  is  required. 

5.  Single-  or  mustiplc-sbicld  coaxial  cable  should 
be  used  for  RF  circuits.  Multipoint  grounding  is  re- 
quired. 

6.  Continuity  of  shielded  enclosures  is  necessary. 

7.  Shields  should  be  routed  through  connectors. 

8.  Minimum-length  groiirtd  returns  should  be  - 
used,  and  shield  insulation  from  structural  members 
should  be  insured. 

7-6.5J3  Filteis 

Filters  are  used  at  the  outputs  of  EMI  generating 
sources  in  order  to  prevent  EMI  signal  (broadband  or 
narrowband)  interference  coupling  paths.  Types  of 
filters  utilized  for  EMI  containment  and  attenuation 
include  low-pass,  high-pass,  and  band-pass  filters,  as 
well  as  bypass  and  feedthrough  capacitors. 

Basic  filter  paiameters  include  capacitance,  induc- 
tance. anu  icsisiaiiCe.  Each  puruiiiciei  accomplishes 
filtering  action  by  a different  method;  i.e.,  capaci- 
tance by  short-circuiting,  inductance  by  open- 
circuiting,  and  resistance  by  dissipation.  Filters 
should  suppress  only  the  interfering  signals.'  How- 
ever, the  filter  may  have  an  effect  upon  desired  cur- 
rents necessary  to  the  operation  of  the  equipment. 
Therefore,  an  understanding  of  insertion  loss  is  im- 
portant to  filter  applications. 

In  the  application  of  bypass  capacitors,  the  lead 
length  from  the  capacitor  to  ground  becomes  an  im- 
portant factor.  Self  resonance  nullifies  the  effective- 
ness of  the  filter  for  signals  at  frequencies  equal  to,  or 
greater  than,  the  resonant  frequency. 

Filter  containment  of  EMI  can  be  effective  only  if 
the  source  can  he  shielded  and  isolated  from  other  in- 
ternal circuitry,  thus  preventing  the  interference  from 
being  coupled  into  other  wiring  or  circuitry  within  a 
subsystem.  Such  coupling  may  conduct  spurious 
energy  to  external  wiring,  or  radiate  directly  from 
other  parts  of  the  unit.  Proper  bonding  must  be  used 
in  order  to  prevent  interference  currents  in  the 
ground  circuit  from  shunting  the  filter  element. 

7-7  ELECTRICAL  SYSTEM 
INSTALLATION 

7-7.1  GENERAL 

Electrical  system  installation  refers  to  the  installa- 
tion of  electrical  and  electronic  equipment  (equip- 
ment installation)  and  wire  bundles  (electrical  in- 


stallation) in  the  airframe.  This  includes  electronic 
components,  electrical  relays,  electrical  power 
generators,  wires,  coaxial  cables,  junction  boxes,  test 
connectors,  etc.,  but  does  not  include  aircrew  control 
panels  and  instrument  panels.  Electrical  system  in- 
stallation should  be  in  accordance  with  M1L-E- 
25499,  M1L-E-7080,  and  as  described  subsequently. 


7-7.2  EQUIPMENT  INSTALLATION 

During  the  design  of  equipment  installations, 
maintainability,  re’iability,  and  producibility  must  be 
considered  from  design  concept  to  the  production 
hardware  phase.  Close  attention  should  be  given  to 
the  servicing  problems  that  might  arise  with  each  par- 
ticular installation.  It  is  not  likely  that  all  electronic 
components  can  be  made  immediately  accessible.  The 
service  reliability  of  each  must  be  considered  during 
design  of  the  installation.  Factors  such  as  electronic 
alignment  after  installation  and  acccsibiiity  to  test 
points  must  be  considered.  If  equipment  is  installed 
in  rows,  front  row  components  must  be  capable  of 
being  removed  quickly  to.  provide  accessibility  to  rear 
mounted  components. 

Equipment-mounting  hardware  should  consist  of 
not  less  'han  Number  10  screws,  except  where  vi- 
bration isolators  are  used,  in  which  case  the  box 
mounting  screws  should  be  no  smaller  than  Number 
10,  with  the  isolator  multiple  mounting  screws  no 
smaller  than  Number  8.  Care  must  be  taken  to  in- 
sure that  mounting  screws  are  not  hidden  behind 
flanges  and  protruding  portions  of  neighboring 
boxes.  For  easy  accessibility,  the  straight-in  approach 
should  be  provided  for  all  mounting  hardware. 

Equipment  installations  involving  the  placement  of 
electrical  receptacles  facing  bulkheads  or  other  ob- 
structions must  allow  sufficient  room  for  installation 
of  the  wire  bundle  with  a bend  radius  in  accordance 
with  MIL-W-5088,  as  well  as  room  tc  engage  and  dis- 
engage electrical  connectors  without  damaging  the 
wires.  If  possible,  electrical  terminals  cn  boxes  should 
permit  the  use  of  a ratchet-drive  socket  wrench  for 
wiring  installation  and  removal. 

Junction  boxes  must  be  designed  so  as  to  facilitate 
maintenance  and  troubleshooting.  Access  to  internal 
components  must  be  such  as  to  permit  easy  replace- 
ment. The  locations  of  internal  components  must  be 
.identified  by  permanently  attached  decals.  Foreign- 
object  protective  covers  must  be  provided  on  all  junc- 
tion boxes.  On  all  nonscaled  boxes,  drain  Lo^s  must 
be  incorporated  at  the  lowest  point.  Wiring  must  be 
installed  neatly,  and  numbered  or  color-coded  for 
ease  of  maintenance. 

Relays,  resistors,  small  transformers,  etc.,  must  be 
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Figure  7-13.  Permissible  Clamp  Defemaiiea 


grouped  functionally  in  panel*  similar  to  relay  panels. 
All  components  must  be  located  and  identified  by 
means  of  a decal  permanently  attached  to  the  panel. 
Power  contactors  must  be  installed  so  that  the  con- 
tactor case  or  box  is  isolated  from  the  airframe  struc- 
ture. 

All  junction  boxes  and  panels  should  have  power 
and  chassis  grounds  emsnaung  from  ai  least  one  of 
the  electrical  connectors. 


7-7.3  ELECTRICAL  WIRE  BUNDLES 

Basically,  there  are  two  types  of  wire  harnesses 
allowable: 

1.  Open-wire  bundles,  where  individual  wires  are 
tied  in  bundles  and  routed  through  the  airframe 

2.  High-density  bundles,  where  an  abrasion- 
resistant  covering  ic  braided,  extruded,  etc.,  over  the 
entire  bundle. 

In  either  case  the  wire  best  suited  for  the  particular 
application  must  be  used;  and,  when  open-wire 
bundles  are  used,  the  wires  shall  have  markings  in  ac- 
cordance with  MIL-W-5088  and  the  bundles  shall  be 
tied  at  3-  to  8-in.  intervals.  Lacing  shall  be  com- 
patible with  the  operating  environment  of  the  heli- 
copter. 

Where  high  density  bunu.es  are  used,  the  bundles 
must  be  taped  ut  8-in.  intervals  with  a thin  layer  of 
Teflon  tape.  An  outer  abrsaion-resistant  covering 
must  be  braided  or  extruded  over  the  wire  bundle. 

Tape  is  not  acceptable  as  an  abrasion-resistant 
covering  except  on  repair  areas  or  at  the  ends  of  a 
bundle.  Tape  must  never  be  used  as  primary  in- 
sulation. Repairs  to  high-density  bundles  should  be 
made  by  routing  a wire  external  to  the  abrasion- 
resistant  covering.  The  external  wire  must  have  an 
abrasion  resistant  covering.  Splices  are  to  be  eoverd 
with  an  abrasion-resistant  material,  such  as  Teflon 


tubing,  but  should  ot  be  covered  by  the  braid  or  ex- 
truded cuter  jacket  of  the  bundle. 

The  primary  wire  bundle  damps  should  be  of  an 
environmentally  compatible  type.  Nylon  clamps  arc 
permissible  in  low-temperature,  low-vibration,  easily 
accessible  areas.  Plastic  clamps  are  not  to  be  used  for 
wire  bundle  support  in  areas  where  a damp  failure 
could  allow  the  wire  bundle  to  chefs  on  sharp  edges 
or  to  interfere  with  controls.  The  preferred  orien- 
tation of  all  wire  bundle  damps  is  with  the  bell  (loop) 
down.  The  bell  should  not  be  turned  upward  if  the 
wire  bundle  weight  threat  ns  to  deform  the  damp. 

Clamps  of  the  MS  21919  type  may  be  deformed  in 
order  to  meet  special  installation  problems  by  flatten- 
ing the  damp  bell,  as  in  Fig.  7-13,  to  a height  no  less 
than  3/4  of  the  original  bell  height.  The  mounting 
can  may  be  bent,  but  not  more  than  4$  deg,  as  shown 
in  Fig.  7-13. 
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Terminal  strips  should  be  MS  27212  or  M1L-T- 
81714  with  MS  18029  covers.  Terminal  strips  shall  be 
installed  as  shown  in  Fig.  7-14,  with  the  mounting 
holes  isolated,  for  example,  by  filling  with  MIL-A- 
46145  Type  1 sealant  to  prevent  short  circuits  to 
ground.  MS  25227  insulating  strips  may  be  used  in 
lieu  of  potting;  however,  an  additional  nut  must  be 
installed  between  the  insulating  atrip  and  the  bottom 
terminal  so  that  there  is  no  resilient  material  in  com- 
pression with  the  terminals. 

A maximum  of  four  terminals  shall  be  used  on  one 
:tud.  MS  '*5266  out  bars  may  be  used  between  studs 
to  interconnect  terminals.  When  terminals  are  ex- 
posed to  the  weather  — such  as  in  wheel  wells  — ter- 
minals and  studs  shall  be  brushed  with  phenolic  resin 
varnish. 

The  wire  bundle  shall  be  tied  to  a terminal  at  each 
breakout.  There  shall  be  at  least  one  wire  identi- 
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MIL-A-46146  TYPE  I SEALANT 


Figure  7-14.  Terminal  Strip  Installation 


ficution  number  visible  on  each  wire  without  cutting 
ties.  Lacing  (or  tying)  shall  be  done  with  single  ties. 
Continuous  lacing  shall  be  permitted  only  in  junction 
boxes  and  panels. 

The  end  studs  used  Tor  attaching  the  MS  18029  ter- 
minal covers  cannot  be  used  for  electrical  purposes.  If 
two  electrical  terminals  with  mounting  hardware  arc 
placed  on  the  end  studs,  the  self-locking  feature  will 
not  engage  in  the  terminal  cover  nuts. 

See  par.  7-8.2. 1 for  a further  discussion  of  terminal 
blocks. 

7-7.5  ENGINE  COMPARTMENT  WIRING 

The  two  major  installation  hazards  encountered  in 
« ngine  compartment  environments  are  heat  and  vi- 
bration. Special  attention  should  be  paid  to  the  high- 
vibration  environments  of  engine  enclosures.  Wire 
gage  shall  be  a minimum  of  20  in  order  to  reduce 
strand  fatigue  breakage.  Wire  bundle  clamps  shall  be 
spaced  in  dose  proximity  so  as  to  prevent  wire  vibra- 
tion between  clamps  and  possible  resultant  breakage. 
Crimp-type  contacts  shall  be  used  in  order  to 
eliminate  strand  vibration  breakage  due  to  soider 
capillary  action. 

Wire  bundles  in  low-temperature  areas  (200°C  or 
lower)  of  the  engine  compartment  may  be  in  ac- 
cordance with  par.  7-7.3;  in  higher-temperature  areas 
and  on  the  engine  itself,  open  wire  bundles  of  wire 
rated  at  260°C  shall  be  used. 

Particular  care  shall  be  taken  to  route  all  wire 
bundles  away  from  sharp  edges,  and  around  equip- 
ment in  the  engine  area  to  allow  extra  room  for  vi- 
bration and  for  structural  expansion  and  contraction 
due  to  ambient  temperatures  and  engine  thrust.  Wire 
i bundles  shall  be  routed  and  clamped  well  out  of  the 
I way  for  engine  change,  and  design  shall  take  into  con- 

sideration the  use  of  any  necessary  installa- 
tion/removal  ground-handling  tools.  Fire  detector 
elements  shall  be  routed,  and  securely  clamped  into 
position,  to  eliminate  crush  possibilities  during 
engine  change. 
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7-7-6  DOOR  HINGE  WIRE  BUNDLE  ROUTING 

Electrical  components  mounted  on  access  doors 
vill  require  routing  the  wire  bundles  over  the  door 
hinges.  The  wire  bundles  shall  be  routed  so  that  they 
twist  instead  of  bend,  i.e.,  the  bundle  shall  be  routed 
parallel  to  the  hinge  for  a distance  sufficient  to  allow 
the  bundle  to  twist.  Consideration  should  be  given  to 
using  Teflon-cushioned  clamps  at  the  twist  points  to 
provide  added  bundle  mobility.  Added  abrasion  re- 
sistance at  the  hinge,  in  the  form  of  vinyl  or  Teflon 
tubing  may  be  required. 

Wire  bundles  that  are  exposed  to  weather  and 
abrasion  when  doors  arc  opened  during  flight,  or 
during  ground  servicing,  shall  be  protected  by  extra 
covering  (such  as  braiding  or  tubing).  Weather- 
exposed  braiding  shall  extend  into  the  connector  back 
shell  clamp,  but,  because  of  the  wattr-wicking  prop- 
erties of  the  braid,  should  not  extend  into  potting  or 
connector  waterproofing. 

7-7.7  WIRING  TO  MOVING  COMPONENTS 

Special  attention  is  required  when  it  is  necessary  to 
route  wiring  bundles  to  components  such  as  ac- 
tuators, missile  launchers,  or  electronic  components 
that  move  during  use  or  storage.  These  bundles 
usually  flex  a number  of  times  and  are  critical  in  their 
operation. 

The  installation  should  be  designed  as  follows: 

1.  The  wire  bundle  shell  be  clamped  firmly  to  the 
moving  component  so  that  no  movement  of  the  wire 
takes  place  at  the  connector  or  terminal. 

2.  The  wire  bundle  shall  not  be  under  tension  at 
any  point  in  the  movement  of  the  equipment. 

3.  The  wire  bundle  shall  be  clamped  firmly  tc  the 
fixed  structure  at  a position  where  if  there  is  any  mo- 
tion, the  wires  will  twist  and  not  bend. 

4.  The  attach  point  of  the  fixed  structure  must  be, 
whenever  possible,  at  the  center  of  the  arc  formed  by 
the  moving  equipment. 

5.  If  the  fixed  point  cannot  be  at  the  center  of  the 


Figure  7-15.  Typical  Connection  to  Grounding  Pod 
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moving  arc,  a loop  must  he  made  to  take  up  the  slack 
in  the  wiring.  This  loop  must  be  of  sufficient  length  to 
insure  that  the  wire  bundle  is  never  under  noticeable 
tension.  This  loop  must  be  self-supporting  and  self- 
forming.  The  self-supporting  feature  can  be  assisted 
\ by  a preformed  spring  steel  wire  woven  in,  or  at- 
tached to.  the  wire  bundle. 

6.  Attention  shall  be  paid  to  chafing  of  the  wiring. 
Added  protection,  such  as  vinyl  or  Teflon  tubing, 
may  be  required  on  the  slack  wire  bundle.  Vinyl 
sleeving  is  not  to  be  used  as  a substitute  for  good  en- 
gineering. Protecfve  tubing  should  not  ride  on  sharp 
edges  of  structure. 


7-7.8  BATTERY  INSTALLATION 

Batteries  shall  be  installed  so  that  they  are  readily 
accessible  from  the  outside  of  the  helicopter.  The  air- 
craft connector  shall  be  of  the  quick-disconnect  M3 
25182  type  in  accordance  with  MIL-C-I8I48,  and 
shall  be  accessible  without  moving  any  equipment  or 
reaching  around  any  obstruction. 

The  battery  compartment  must  be  located  in  such 
an  area  that  battery  gas  and  fumes  will  not  enter  the 
cockpit  or  cabin.  The  battery  compartment  shall  be 
painted  with  a material  resistant  to  the  electrolyte 
used  in  the  battery.  There  shall  be  no  oxygen,  hy- 
draulic, or  flammable  lines  in  the  battery  compart- 
ment. 

The  batter,  cables  shall  be  clamped  and  protected 
against  chafing  during  installation  and  removal  of  the 
battery.  The  battery  ground  cable  shall  be  attached  to 
\ primary  structure  that  is  heavy  enough  to  carry  short- 
J circuit  current  without  damage.  A grounding  pad,  as 

\ shown  in  Fig.  7-15,  may  be  used  to  increase  electrical 
current  capacity. 


7-8  COMPONE1  TS 

7-8.1  WIRE 

The  choice  of  wire  should  take  into  consideration 
not  only  the  electrics!  requirements  of  the  wire,  but 
also  the  environment  in  which  the  wire  must  operate. 
The  electrical  requirements  cap  be  satisfied  by  the 
wire  current  capability;  however,  the  environmental 
requirement  may  be  compatible  with  the  win  de- 
fined in  only  one  appropriate  specification.  Environ- 
mental compatibility  will  vary  depending  upon  the 
type  of  insulating  material  used.  The  designer  shall 
assure  that  the  finished  diameter  of  the  wire  selected 
is  compatible  with  the  wire  sealing  ranges  of  the  con- 
nector used  and  compatible  with  the  connector  inser- 
tion/extraction tool. 

7-8. LI  Wire  Insulating  Materials 
7-8.1.1.1  Polyethylene 

Polyethylene  is  a commonly  used  dielectrical 
material.  It  is  excellent  for  high-frequency  ap- 
plications. However,  because  of  its  physical  proper- 
ties, it  has  definite  limitations  as  an  insulating 
material.  Polyethylene  possesses  low  abrasion  re- 
sistance; the  maximum  safe  operating  temperature  is 
only  80°C,  and  it  will  burn  freely  in  the  presence  of 
an  open  flame. 

7-8.1. 1.2  Polyvinylchloride 

Polyvinylchloride  (PVC)  has  physical  properties 
that  surpass  thoi?  of  the  basic  polyethylene.  It 
possesses  greater  abrasion  resistance,  higher  ope- 
rating temperature  limitations,  and  increased  resis- 
tance to  flame.  However,  the  molecular  imbalance  of 
PVC  precludes  its  use  at  high  frequencies,  although  it 
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is  excellent  in  low-frequency  applications  where  re- 
sistance to  moisture,  flame,  oil,  and  many  acids  and 
alkaline*  is  important 

7-8.1. 1 J flaoiiiutad  Ethyl— a Propylene 
Fluoridated  ethylene  propylene  (FEP)  demon- 
strates excellent  electrical  stability  over  a temperature 
range  of  -65°  to  +200*C,  and  is  suitable  for  ultra- 
high-frequency applications. 

7-8.1. 1.4  PolycMorotrifluoroftfcyleae 
/olychloiotrifluoroethylcnc,  more  commonly 
known  as  KEL-F,  combines  many  of  the  advantages 
of  Teflon  with  a superior  resistance  to  abrasion,  thus 
enabling  it  to  be  used  as  a thin-wailed  insulation 
without  any  outer  covering  or  mechanical  pro- 
tection. This  material  is  rated  for  continuous  opera- 
tion through  the  temperature  range  of  -65  s to 
+ I50°C. 


7-8. 1.1. 5 Polyhexamethylene-adipaalde 

Polyhexamcthylene-adipamide  is  a readily  extra- 
dablc  polyimide,  better  known  as  by  its  family  name 
of  nylon.  Because  of  its  relatively  poor  electrical 
characteristics,  it  rarely  is  used  as  a primary  in- 
sulation on  wire.  However,  it  makes  an  excellent  out- 
er coverings  when  applied  over  vinyl  insulation.  Ex- 
truded nylon  jackets  arc  tough  end  resistant  to  abra- 
sion and  oil,  and  have  a tendency  to  increase  the 
temperature  stability  of  the  primary  insulation. 


7-8.1. 1.6  Tetrafluorocthyle*e 
Tetrafluoroethylene  (TFE),  better  known  as 
Teflon,  is  an  excellent  electrical  balance  and, 
therefore,  is  well  suited  for  high-frequency 
applications.  TFE  offers  exceptional  electrical, 
chemical,  and  thermal  properties  not  available  in  any 
other  wire  insulation  material.  TFE  insulation  is 
rated  for  continuous  operation  at  200®C,  but  remains 
flexible  at  cryogenic  temperatures. 


7-8.1. 1.7  Dimethyl-siloxaM  Polymer 

Better  known  as  silicone  rubber,  dimethyl-siloxane 
polymer  is  finding  widespread  application  as  a wire 
insulation  because  of  its  good  high-temperature  char- 
acteristics and  low-temperature  flexibility.  It  will 
withstand  200°C  continuously,  and  can  withstand  as 
much  as  300  *C  for  short  intervals.  However,  in  the 
presence  of  flame,  silicone  rubber  will  burn  to  a non- 
conductive  ash,  which,  if  held  in  place,  could  function 
as  an  emergency  insulator,  its  abrasion  resistance  is 
improved  greatly  by  the  addition  of  a saturated  glass 
braid.  Unlike  vinyls,  polyethylene,  and  nylon,  sili- 
cone rubber  is  a thermosetting  plastic. 


7-8.1  J Military  Wire  Specifics tio«g 

The  Military  Specifications  for  aircraft  wire  are  too 
numerous  to  cover  in  detail.  However,  a brief  de- 
scription of  some  of  the  more  commonly  used  types 
of  wire  and  of  the  specifications  defining  them  is 
given  to  assist  in  selecting  the  specification  that  satis- 
fies the  general  requirements. 

MiL-W-5086  covers  P VC-insulated,  single- 
conductor hookup  and  interconnecting  electrical 
wires  made  with  tin-coated  or  silver-coated  con- 
ductors of  copper  or  copper  alloy.  PVC  insulation 
may  be  used  alone  or  in  combination  with  outer  in- 
sulating or  protective  materials.  It  is  a good  general 
purpose  wire,  end  is  available  in  voltage  ratings  from 
600  to  3000  V and  a temperature  rrngc  of  -35°  to 
-1- 1 10°C.  The  wire  construction  of  this  specification 
contains  nylon  jackets  for  increased  mechanical 
toughness  and  resistance  to  fuels,  solvents,  and  hy- 
draulic fluids. 

M1L-C-7078  covers  single-conductor  and  multi- 
conductor shielded  wire.  The  basic  wire  in  this  speci- 
fication is  MIL-W-5086  and  MIL-W-81381. 

MlL-W-ioS/S  covers  wir$  designed  tor  internal 
wiring  of  meters,  panels,  and  electrical  and  electronic 
equipment,  and  requires  that  such  wire  have  mini- 
mum size  and  weight  consistent  with  service  require- 
ments. The  temperature  rating  of  wire  included  in 
this  specification  ranges  to  260®C,  with  potential 
ratings  of  250  to  3000  V.  This  wire  is  primarily  a 
hookup  wire,  but  it  may  be  used  for  wiring  electronic 
equipment  in  protected  areas  of  the  aircraft. 

MIL-C-22759  covers  fluorocarbon-insulated, 
single-conductor  electric  wire  made  with  tin-coated, 
silver-coated,  or  nickel-coated  conductors  of  copper 
or  copper  alloy.  The  fluorocarbon  insulation  of  these 
wires  may  be  polytetrafluoroethylenc,  fluorinated 
ethylene  propylene  (FEP),  or  polyvinylidene  fluoride. 
The  fluorocarbon  may  be  used  atone,  on  in  com- 
bination with  other  insulation  materials.  This  wire  is 
available  in  a temperature  range  of  200*C  to  260°C, 
and  voltage  ratings  of  600  to  1000  V. 

MIL-W-7072  coven  low-tension,  insulated,  single- 
conductor, aluminum  wire  for  aircraft  cloctrical 
power  distribution  systems.  Aluminum  wire  usually 
is  used  where  an  appreciable  weight  saving  can  be 
realized. 

MIL-W-81044  coven  a variety  of  construction 
suitable  for  airframe  and  electronic  hook-up  wire,  in- 
cluding light,  medium,  and  heavy  wall  insulation 
thickness  and  tin-  and  silverp!*.ted-copper  con- 
ductors. These  wires  are  rated  to  300  V over  a 
temperature  range  of  -53°  to  +150*C.  The  insula- 
tion consists  of  crosslinked  polyvinylidene  fluoride. 
Improved  thermal  stability  is  realized  through  mole- 
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cular  crosslinking  of  both  materijs  by  the  high- 
energy  electronic  beam  process.  These  constructions 
provide  significant  space  and  weight  savings  while  re- 
taining excellent  abrasion  resistance. 

MIL-W-25038  covers  single  wire  for  electrical  use 
under  short-time  emergency  conditions  involving  ex- 
posure to  flame  and  temperatures  of  up  to  2000®  F. 
This  wire  is  intended  for  use  in  circuits  where  it  is 
. necessary  to  maintain  the  electrical  integrity  of  the  in- 
sulated conductor  for  S min  in  a 2000°F  flame  with 
the  operating  potential  not  exceeding  125  V. 

7-8.2  FITTINGS 

Fittings  cover  a broad  area,  and  include  any  fix- 
ture attaching  to  a wire.  Two  basic  fittings  are  termi- 
nal strips  and  connectors. 

T 8.2.1  Terminal  Strips 

Terminal  strips  are  used  where  there  is  a require- 
ment for  a junction  of  two  or  more  wires.  Terminal 
strips  also  may  be  used  as  disconnects  in  ap- 
plications where  :t  is  impractical  to  use  a connector, 
or  to  simplify  assembly  and  maintenance  pro- 

1 atI  iiPAa 
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The  standard  terminal  strip  is  the  MS  27212  or 
MIL-T-81714  which  consists  of  a series  of  threaded 
studs  retained  in  a plastic  insulating  strip.  Each  ter- 
minal stud  will  accommodate  a maximum  of  four  ter- 
minals; however,  a bus  bar  may  be  used  between 
studs  in  order  to  allow  for  more  than  four  wiies 
having  a common  junction. 

The  new  NAS  standard  terminal  strip,  which  con- 
sists of  scries  of  modules  retained  between  mounting 
rails,  offers  many  advantages  over  the  old  style  MS 
terminal  strip.  MIL-T-81714  covers  environmental 
feedthrough  and  non fccu in  rough  terminal  strips.  For 
new  designs  qualified  parts  shall  be  in  accordance 
with  MIL-T-81714.  This  type  of  unit  is  similar  to  an 
electrical  connector  in  concept  in  that  it  uses  a crimp 
pin,  and  an  insertion-extraction  tool  for  installing  the 
wires. 

Each  terminal  strip  requirement  must  be  evaluated 
individually  in  order  to  determine  which  of  the  types 
can  be  used  best. 

7-1.2 .2  Connectors 

The  ideal  situation,  as  far  as  reliability  is  con- 
cerned, is  to  have  continuous  conductors  throughout 
the  entire  circuit.  However,  this  usually  is  not  pos- 
til!'; interconnects  must  be  added  to  facilitate 
assembly  and  maintenance.  The  designer  must  select 
the  connector  that  best  combines  high-performance 
factors  with  capabilities  for  meeting  environmental 


requirements.  Thus,  the  selection  of  a connector  for  a 
specific  application  will  involve  a compromise. 

MIL-C-5015  covers  circular  electrical  connectors 
with  solder  or  removable  crimp  contacts,  and  ac- 
cessories such  as  protective  covers,  storage  re- 
ceptacles, strain  relief  clamps,  and  potting  molds. 
These  connectors  are  for  use  in  electronic,  electrical 
power,  and  control  circuits.  They  have  threaded 
couplings,  and  may  require  safety  wiring  in  order  to 
eliminate  inadvertent  decoupling  in  high-vibration 
areas. 

M1L-C-26482  covers  environmental-resistance, 
quick-disconnect,  miniature  electrical  connectors 
with  solder  or  removable  crimp  contacts  and  ac- 
cessories. These  connectors  have  bayonet  couplings 
and  do  not  require  safety  wire. 

MIL-C-83723  covers  an  environmental-resisting 
family  of  miniature,  circular,  electrical  connectors. 
These  connectors  may  have  threaded  or  bayonet 
couplings. 

MlL-C-28748  covers  rectangular  rack  and  panel . 
and  electrical  connectors  with  nonremovable  solder 
contacts  and  removable  crimp  contacts. 

M1L-C-39012  covers  the  general  requirements  for 
radio  frequency  connectors  used  with  flexible  co- 
axial RF  cable. 

The  designer  shall  make  every  effort  to  select  only 
connectors  that  provide  common  termination 
methods;  i.e„  common  coniacis,  common  back  hard- 
ware, and  common  assembly  methods  and  tools  — 
using  MIL-STD-13S3  as  a guide. 

7-9  LIGHTNING  AND  STATIC 
ELECTRICITY 

7-9.1  GENERAL 

The  proper  functioning  of  electronic  systems  is 
taking  on  increased  rmportancc  in  mission  effective- 
ness and  flight  safety  with  the  development  of  elec- 
tronically controlled,  automatic  flight  and  engine 
controls.  Thus,  the  common  occurrence  of  total  elec- 
trical system  failure  from  lightning  strikes  is  no 
longer  acceptable  and  a higher  degree  of  static  elec- 
tricity and  lightning  protection  must  be  provided  for 
the  helicopter  in  order  to  assure  reliable,  safe,  and  ef- 
fective operation  over  its  operational  lifetime. 

One  lightning  strike  can  oe  expected  to  occur  on  a 
helicopter  approximately  c-  ery  2500  flight  hr(Rcf.l), 
depending  upon  aircraft  zone  of  operation,  mission, 
normal  flight  altitudes,  susceptibility,  etc.  Minor  to 
serious  structural  damage  cat)  result  in  cases  where 
protection  is  not  provided. 

New  materials,  such  as  polyurethane  paints,  have 
many  advantages  relative  to  corrosion  protection; 
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but  their  excellent  dielectric  characteristics  also  can 
introduce  serious  static  electricity  problems.  The  high 
dielectric  strength  or  the  painted  surface  permits  the 
buildup  of  5000  to  50,000  V from  friction  charging  of 
the  surface,  which  may  be  followed  by  puncture  of 
the  base  metal  and  accompanied  by  an  energy  re- 
lease in  tens  of  joules.  This  can  cause  precipitation 
static  or  streamer  radio  interference,  and  — if  the 
paint  is  covering  an  electrical  component,  such  as  an 
engine  inlet  heating  grid  — also  can  result  in  a short 
circuit  of  the  element.  This  often  is  followed  by  burn- 
up,  as  a result  of  energizing  of  the  initial  spark  by  the 
power  system,  with  resultant  nuyor  damage. 

Possible  internal  problems  with  high-quality  di- 
electrics include  the  charging  of  fluid  lines  from  the 
liquid  flow  and  the  charging  of  painted  internal  fuel 
tank  wails  from  spray  electrification  or  sloshing. 

7-9 2 LIGHTNING  P OTECTION  FOR 
ELECTRONIC  SUBSYSTEMS 

The  designer  of  lightning  protection  for  helicopter 
electronic  subsystems  should  make  maximum  use  of 
the  metallic  frame  and  skin  for  shielding  purposes. 
Specific  lightning  protection,  or  lightning-resistant 
designs,  should  be  provided  at  the  major  lightning  en- 
try points.  These  include  main  rotor  and  tail  rotor 
blades,  antennas,  navigation  lights,  pitot-static  tubes, 
active  electrical  discharger  probe  heads,  and  any 
other  electrical  components  exposed  on  the  exterior 
of  the  helicopter.  In  addition,  because  of  the  general- 
ly reduced  shielding  of  helicopter  frames  and  skins 
(compared  with  fixed-wing  aircraft),  greater  con- 
siderations must  be  given  to  magnetic  and  electrical 
field  penetrations  into  the  vehicle  interior. 

Where  all  other  factors  are  roughly  equal,  it  is  ad- 
visable to  use  mechanical  primary  flight  controls  as 
engine  and  rotor  controls  and  to  use  the  electronic 
systems  primarily  for  trim  or  management  controls. 
Electronic  surge  suppressors  of  various  types,  such  as 
gas  or  zener  diodes  and  simple  capacitors,  may  be 
used  on  critical  circuits  for  suppressing  the  residual 
voltage  surge  (which  can  penetrate  despite  the  ex- 
ternal lightning  protection  design),  particularly  if  the 
electronic  systems  require  very-low-voltage  pro- 
tection. 

In  summary,  the  preventive  design  approaches  are: 

1 . Principal  lightning  protection  efforts  should  be 
directed  toward  blocking  electromagnetic  energy  en- 
trance through  electromagnetic  windows  such  as 
navigation  lights  and  antennas. 

2.  Use  of  electronic  systems  for  primary  flight  con- 
trols should  be  avoided.  Use  should  extend  only  to 
trim  or  management. 

3.  Surge  suppressors  should  be  used  where 


required,  either  because  of  large  surge  voltages  that 
cannot  be  reduced  at  the  entry  point  or  for  low* 
signal-level  circuits  that  require  low-level  protective 
devices. 

4.  Simple  lightning  test  facilities  should  be  used  to 
permit  quick  evaluation  of  component  performance. 

Untested  lightning  protection  designs  oflen  have 
proved  to  be  net  only  ineffective,  but  sometimes 
more  dangerous  than  the  components  they  were  in- 
tended to  protect. 

Lightning  protection  through  geometrical  con- 
figuration control  of  external  components,  such  as 
antennas  and  navigation  lights,  has  proven  ta  be  one 
of  the  most  effective  methods  of  preventing  lightning 
penetration  into  the  aircraft.  For  example,  tests  of 
navigation  and  collision  light  designs  have  shown 
that  a I -in  , change  in  a cover  screw  position  can  re- 
duce the  resultant  lightning  damage  from  total  de- 
struction of  the  element,  with  major  energy  pene- 
trations into  the  vehicle  interior,  to  negligible  physi- 
cal damage  resulting  in  voltage  pulse  amplitude  re- 
ductions to  a few  hundred  volts.  Thus,  geometrical 
control  of  all  external  components  for  lightning  pro- 
tection purpose:,  generally  is  ihc  most  economical  ap- 
proach, in  terms  of  weight  and  cost.  Typical  entry 
points  requiring  protection  design  effort  are  shown  in 
Fig.  7-16. 

Earlier  HF  and  UHF  antennas  of  the  voltage-fed 
type  constituted  one  of  :hc  principal  electromagnetic 
windows  through  which  lightning  energy  could  enter 
the  vehicle  interior.  To  ofTse'  a possible  total  electri- 
cal system  loss,  these  units  often  can  be  replaced  with 
shunt-fed  antennas,  which  are  inherently  grounded 
designs  in  which  the  lightning  energy  essentially  is 
channeled  into  the  external  vehicle  skin,  with  only  re- 
sidual high-voltage,  low-cncrgy  pulses  entering  the 
electronic  systems.  HF  lightning  arresters  are  avail- 
able commercially  for  HF  antennas,  mid  their  ef- 
fectiveness in  preventing  bo'h  structural  and  radio 
equipment  damage  has  been  demonstrated  in  their 
use  on  commercial  jet  airliners  during  millions  of 
flight  hours. 

Other  external  components,  such  as  pitot-static 
heads  and  active  discharger  probe  heads,  require 
typical  electronic  system  protection  approaches.  The 
pitot-static  heads  can  be  protected  effectively  by  con- 
ventional electrical  system  protective  devices  such  as 
zener  diodes  or  gas  diodes;  however,  the  high-voltage 
active  discharge  probe  heads  require  more  extensive 
protection  development  because  of  high  operating 
voltage  levels. 

For  electrical  surge  suppressi  n,  macy  types  of  de- 
vices are  available  commercially  — including  zener 
diodes,  gas  tubes,  simple  capacitors,  spark  gaps,  and 
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bring  the  vehicle  potential  down  to  zero.  This  still 
permits  sufficient  potential  to  give  shocks  to  the 
ground-handling  crew.  The  technique  of  using  a con- 
ducting cord  from  the  vehicle  to  the  ground,  and  per- 
mitting it  to  contact  the  ground  before  the  ground 
crew  handles  the  load,  has  the  disadvantage  of  the 
cord  being  whipped  by  helicopter  downwash,  and 
will  not  necessarily  hold  the  vehicle  potential  down 
continuously  while  the  ground  crew  is  in  contact  with 
the  load. 

The  other  major  problem  with  external  static  elec- 
tricity on  helicopters  is  radio  interference.  The  com- 
plexity of  the  problem  is  caused  by:  the  variety  of 
charge-generating  mechanisms,  of  noise-generating 
mechanisms,  and  of  coupling  modes  into  the  com- 
munication systems;  the  difficulty  in  separating  the 
effects  from  internally  generated  equipment  inter- 
ference; and  the  differences  of  effects  upon  different 
types  of  equipment. 

The  basic  method  of  controlling  radio  interference 
includes: 

1.  Avoidance  of  all  electrically  floating  external 
sections  on  the  aircraft 

2.  Use  of  some  type  of  active  or  passive  dis- 
chargers in  order  to  reduce  the  potentials  or  the  vehi- 
cle under  friction  electrification  conditions 

3.  Location  of  antennas  in  areas  where  the  DC 
electrical  fields  are  minimized  under  thunderstorm 
crossfield  conditions 

4.  Use  of  radio-interttkcncc-resi.  'ant  antennas 

3.  Coating  of  all  external  dielectric  surfaces  sub- 
ject to  particle  impingement  with  resistive  paints  so  as 
to  prevent  streamer  interference,  particularly  over 
plastic  sections  where  the  interference  coupling  is 
most  severe. 

In  addition  to  the  external  problem,  which  is  com- 
plicated by  the  difficulty  of  proper  identification  of 
the  interference  source,  internal  static  electricity 


problems  involve  the  fact  that  helicopters  often  are 
engineered  by  designers  who  possess  little  knowledge 
of  the  hazards  posed  by  electrical  interference  of  fuel 
systems.  As  an  example,  plastic  tubing  often  is  con- 
sidered for  fuel  jettison  tubes.  Friction  electrification 
of  the  plastic  surfaces  of  these  tubes  can  ignite  the 
fuel  vapors,  particularly  when  the  fuel  tanks  and  jetti- 
son tubes  arc  nearly  empty.  As  a solution  to  this 
problem . it  has  been  suggested  that  all  dielectrics  with 
a resistivity  of  higher  than  10*  ohm-cm  be  carefully 
considered  for  aircraft  use.  Thus,  the  use  of  such 
materials  would  be  permitted,  but  freedom  from 
static  electricity  hazards  would  have  to  be  assured  for 
each  specific  installation. 

7.9.4  LIGHTNING  AND  STATIC  ELECTRICITY 
SPECIFICATIONS 

There  are  a number  of  Military  Specifications  con- 
taining references  to  surges  and  protections.  MIL- 
STD-704  defines  the  acceptable  limits  of  transients 
on  electrical  power  systems.  M1L-A-9094  specifies 
the  requirements  for  aircraft  lightning  arresters  for 
HF  antennas,  and  it  probably  will  be  extended  to  in- 
clude all  surge  penetration  into  vehicles.  M1L-E-605I 
is  the  electromagnetic  compatibility  specification, 
and  refers  to  permissible  EM  pulse  limits.  MIL-B- 
308?  is  the  standard  military  bonding  specification 
and  covets  test  current  waveforms,  bonding  jumper 
sizes,  protection  of  canopies,  and  lightning-induced 
surge  penetration  limits.  There  are  other  speci- 
fications with  reference  to  lightning,  but  those  listed 
herein  are  the  principal  ones  with  specific  data  on 
waveforms,  test  arrangements,  and  requirements. 

REFERENCE 

1.  Rotary  Wing  Aircraft  Susceptibility,  DN  74 A, 
AFSC  DH  1-4,  10  January  1972. 
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CHAPTER  8 

AVIONIC  SUBSYSTEMS  DESIGN 


8-1  INTRODUCTION 

8-1.  1 GENERAL 

Avionic*  (aviation  electronic*)  is  defined  as  the  ap- 
plication of  electronic  techniques  to  accomplish  such 
functions  as  communication,  navigation,  flight  • in- 
tro), identification,  sensing,  surveillance,  and  target 
designation.  The  avionic  subsystems  will  be  defined 
by  the  detail  specification.  This  chapter  will  discuss 
design  requirements  to  interface  these  subsystems 
with  the  helicopter. 

From  an  operational  viewpoint,  the  helicopter 
avionic  complement  can  be  subdivided  into  (I)  the 
basic  helicopter  configuration,  and  (2)  the  special- 
mission  equipment. 

The  basic  helicopter  configuration  as  discussed  in 
this  handbook  is  limited  to  the  space,  weight,  and 
power  requirements  of  the  minimum  electronics 
necessary  in  order  to  provide  the  basic  mission  capa- 
bitity  tor  a specific  class  of  helicopter.  The  helicopter 
dosses  indude  light  observation,  utility,  tactical, 
medium  and  heavy  transport,  and  external  heavy  lift 
transport 

Special-mission  equipment  is  defined  as  the  ad- 
ditional electronics  — beyond  the  basic  commun- 
cation,  navigation,  and  identification  functions  — re- 
quired to  accomplish  specific  missions  such  as  IFR 
flight,  night  operation  under  reduced  visibility  con- 
ditions, target  detection  and  recognition,  target  desig- 
nation, and  integrated  fire  control,  such  as  is  tound  in 
gunships  and  tactical  aircraft  weapon  systems. 

Avionic  procurement,  installation,  and  qualifi- 
cation, along  with  bench,  pieflight  and  flight  test 
requirements,  are  defined  by  Military  Specifications 
such  as  M1L-STD-454,  MIL-STD-461,  MIL-STD- 
462,  MkL-STD-704,  M1L-B-5087,  M1L-W-5088, 
MIL-E-5400,  M1L-E-6051,  and  M1L-I-8700. 

The  fmt  step  in  avionic  system  design  is  to  de- 
termine the  proper  location  for  each  individual 
system.  Because  avionic  systems  are  made  up  of 
several  subsystems  and  components,  it  is  mandatory 
that  the  total  helicopter  system  and  its  environ- 
mental capability  be  known.  Every  avionic  system 
component  has  temperature  and  vibration  limi- 
tations. Before  any  placement  or  location  is  de- 
termined, the  inter/intra-system  compatibility  of  the 
location  must  be  determined  to  insure  that  heat  and 
vibration  wilt  not  have  a detrimental  effect  upon  the 
performance  of  the  equipment.  In  addition,  electro- 


magnetic compaiibility/interference  (EMC/EMI) 
must  be  considered. 

In  general,  the  lollowing  design  sequencing  must 
occur. 

1.  Determine  the  avionic  requirements. 

2.  Determine  the  avionic  characteristics. 

3.  Construct  a block  diagram  of  the  interface  to 
the  electrical  system. 

4.  Develop  a basic  layout  of  the  system  in  the  air- 
craft for  mock-up  purposes. 

5.  Develop  a schematic  wiring  diagram  for  the 
system. 

6.  Develop  an  interconnect  diagram. 

7.  Develop  a parts  list. 

8.  Develop  a wire  list. 

9.  Develop  an  electrical  load  analysis. 

10.  Complete  a preliminary  EMC/EMI  analysis 
plan  for  the  system. 

*-l.i  ELECTROMAGNETIC 

COMPATIBILITY  PROGRAM 

Interference  generated  by  items  of  elcctrical/elcc- 
tronic  equipment  installed  in  close  proximity,  as  in  a 
typical  helicopter  system,  easily  can  result  in  an  in- 
tolerable interference  level  that  could  reduce  serious- 
ly the  usefulness  of  airborne  equipment,  or  might 
even  render  it  inoperative.  As  defined  in  par.  9-1 1.2, 
AMCP  706-203,  the  prime  contractor  shall  establish 
an  overall  integrated  EMI  compatibility  program  for 
the  helicopter. 

EMC  is  achieved  by  application  of  an  optimum 
combination  of  managerial  and  technical  resources 
from  the  earliest  design  stage  through  the  final 
product  or  operational  feasibility  demonstration 
stage.  Accordingly,  an  EMC  program  shall  be  es- 
tablished that  will; 

1.  Insure  the  efficient  integration  of  engineering, 
management,  and  q.  .lity  assurance  tasks  as  they 
relate  to  EMC. 

2.  'isure  the  efficient  integration  of  EMC  with  all 
other  systems  ar.d  subsystems. 

The  first  requirement  for  acnieving  EMC  in  an 
avionic  system  is  that  all  major  components  and  sub- 
systems be  designed,  constructed,  and  tested  in  com- 
pliance with  MIL-STD-461 

The  second  requirement  is  compliance  with  MIL- 
E-6Q51  as  an  operating  helicopter  system,  with  all 
avionics  and  other  equipment  installed  and  per- 
forming their  normal  functions. 
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*-U  DESIGN  CONSIDERATIONS 


The  design  considerations  that  follow  are  appli- 
cable to  EMI  and  should  be  used  to  assist  in  keeping 
EMI  to  a minimum. 

The  first  design  consideration  involves  the  creation 
of  a good,  basic  ground  plane.  This  is  normally  the 
avionic  component  chassis  or  the  airframe  structure 
for  the  avionic  system  installation.  An  ideal  ground 
plane  will  provide  a aero-potential,  zero-impedance 
reference  base  fot  all  circuits,  and  a sink  or  trap  for 
all  undcsired  signal;  that  can  occomc  inteiferencc 
sources. 

A second  design  concideratiun,  particularly  at  the 
lower  communication  frequencies,  is  the  require- 
ment for  single-point  grounding  so  as  to  avoid 
ground  loops.  The  hige,  circulating  currents  in 
ground  loops  are  potential  causes  of  interference. 

A third  design  consideration  concerns  shielding 
practices  for  major  components  ard  for  the  total  air- 
craft installation. 

A fourth  design  consideration  calls  for  isolating,  as 
fur  as  possible,  the  power-carrying  »vires  and  cables 
from  the  high-impedancc,  low-level  signal  wiring. 


The  ba.ic  principle  is  to  categorize  conductors  on  the 
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ponents  are  magnetic  or  electrostatic.  Ail  conductors 
carrying  power  or  signal  energy  have  associated  with 
them  ar  external  or  leakage  field  that  can  induce  un- 
wanted signals  or  noise  in  nearby  conductors  by  1.1- 
ductivc  or  capacitive  coupling.  To  minimize  these  un- 
desiratie  field  components,  various  techniques  are 
used  — such  as  electrostatic  and  magnetic  shielding, 
space  separation,  twisting  of  wire  pairs,  crossover 
wiring  methods,  use  of  field-absorbing  materials,  and 
sophisticated  neutralization  methods. 

A fifth  design  consideration  is  to  provide  adequate 


bonding  sr.d  grounding  for  a!!  clcct  ical  and  elec- 


tronic equipment,  and  for  parts  of  the  vehicle  struc- 
ture that  can  contribute  to  the  generation  of  tlectri 
cai  noise.  All  electrical  and  avionic  equipment,  sub- 
systems, and  systems  that  produce  electromagnetic 
energy  shall  be  installed  to  provide  a continuous  iow- 
impcdancc  path  from  the  equipment  enclosure  to  the 
aircraft  structure.  The  designer  must  demonstrate 
(ha?  the  proposed  bon^-  'g  methods  result  in  a DC 
resistance  as  specified  ft.  me  various  classes  of  bond- 
ing in  MlL-B-5087.  The  design  shall  minimize  the 
long-term  effects  of  opera  >nal  vibration,  the  effects 
of  corrosion  between  adju.«nt  surfaces  and  of  gal- 
vanic action,  the  dielectric  breakdown  of  insulating 
finishes,  and  the  undesirable  effects  of  intermittent 
electrical  contact.  Bonding  shall  be  accomplished  by 
direct  mvtai-to-metal  contact  wherever  practicable.  A 
bonding  jumper  shall  be  used  where  direct  meta!-to- 


metal  contact  is  impracticable.  Such  jumpers  shall  be 
of  the  standard  types  as  specified  in  MIL-B-5087.  or 
other  appropriate  types,  and  shall  be  kept  as  short 
and  direct  as  possible.  Where  practicable,  the  jumper 
shall  not  exceed  3 in.  in  length.  Surface  preparation 
for  bonds  and  grounds  shall  be  accomplished  by 
removing  all  anodic  film,  grease,  paint  and  lacquer, 
or  other  high-resistance  materials  from  the  im- 
mediate area  of  contact.  Direct-to-basic  structure 
bonding  shall  used  wherever  possible.  For  vehicles 
with  metallic  skin,  the  skin  shall  be  designer,  so  that  a 
uniform,  low-impedance  skin  is  produced  through  in- 
herent RF  bonding  during  construction.  RF  bonding 
must  oe  accomplished  between  all  structural  com- 
ponents. Hatches,  access  doors,  and  similar  com- 
ponents not  in  proximity  to  interference  sources  or 
wiring  shall  be  either  bonued  to  or  permanently  in- 
sulated from  the  vehicle  skin  except  for  the  pro- 
tective static  drain  band.  It  is  highly  desirable,  during 
the  design  phase,  to  confer  regularly  with  airframe 
designers  so  as  to  resolve  compatibility  problems. 
For  guidelines  to  analysis  and  design,  the  design  en- 
gineer should  consult  MIL-B-5087,  AFSC  DH  1-4, 
Ref.  1.  and  the  NAVSH1PS  documents  referenced  in 
MIl-STD-461. 

A sixth  design  consideration  for  minimizing  EMI  is 
to  separate  and  isolate  pulse  devices  and  equipment 
from  other  devices  that  arc  highly  susceptible  to 
EMI.  This  is  accomplished  by  attempting  *o  separate 
suen  items  as  pulsed  radars,  interrogators,  trans- 
ponders, an!  HF  transmitters  from  computers,  data 
processors,  and  susceptible  receivers.  This  is  not 
always  possible,  masmuch  as  the  physical  locations  of 
some  devices  are  dictated  by  mission  requirements. 
However,  the  designer  should  strive  to  achieve  as 
much  physical  and  electrical  isolation  as  is  practi- 
cable. 

A final  design  consideration  involves  the  use  of 
double-fhielded  coaxial  cables.  Other  cables  or  wires 
requiring  shields  shall  have  a minimum  of  90% 
coverage.  Connectors  used  with  shield  cables  shall  be 
provided  with  black  shells  foi  fastening  cable  shields. 


ft- 1.4  ENVIRONMENTAL  ASPECTS 


Environmental  considerations  are  pertinent  to  the 
design  of  the  basic  avionic  system,  and  to  the 
airframe-system  interface.  Susceptibility  to  rotor 
modulation  must  be  considered.  The  very  high  fre- 
quency omni-directional  range  (VOR),  instrument 
landing  system  (ILS)  localizer  and  glidescopc,  VHF- 
FM  homer,  and  other  equipment  have  been  affected 
adversely  by  near-frequency  rotor  modulation.  As 
rotor  blades  pass  over  the  aircraft,  a modulation  of 
the  incoming  wavefront  is  set  up,  with  pronounced 
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results.  In  addition,  the  modulation  is  in  a nonnnu- 
coidal  manner  and  the  harmonic  content  is  higli.  The 
variable  and  reference  modulation  in  a VOR  is  30  Kz 
and  the  localizer  and  glidescopc  frequencies  are  90 
and  1 SO  Hz;  these  are  all  convenient  harmonics.  This, 
coupled  with  the  fact  that  helicopter  rotor  speed 
often  is  such  as  to  give  harmonics  of  30, 90,  and  ISO 
Hz  creates  problems  for  avionic  system  designers. 
Techniques  have  been  developed,  as  discussed  in  par. 
8-3.2,  for  phase  inversion  and  cancellation  of  the 
modulation.  This  technique  shows  promise  of  solving 
the  problem.  However,  the  characteristics  of  certain 
existing  ground  facilities  are  such  that  when  this 
technique  is  used  one  error  simply  is  exchanged  for 
another.  In  any  case,  it  is  essential  that  manu- 
facturers of  equipment  for  helicopters  incorporate 
very  narrow  band  filters  into  their  equipment,  and 
procurement  should  be  based  upon  this  criterion.  In 
addition,  antennas  must  be  decoupled  from  the  main 
rotor  insofar  as  is  possible. 

In  general,  helicopter  avionics  do  not  have  to  be 
desifned  to  withstand  the  altitude  extremes  that 
fixed-  wing  avionic  systems  do. 

Dust  and  sand  are  more  of  a problem  to  helicopter 
avionic  equipment  than  to  fixed-wing  equipment. 
Dili  can  pack  up  in  voltage  regulators,  touting 
equipment,  relays,  switches,  and  othet  critical  de- 
vices and  cause  malfunctions.  If  these  components 
cannot  be  hermetically  scaled,  they  must  have 
shrouds  or  other  protective  covering,  and  they  will  re- 
quire additional  maintenance. 

Helicopter  vibration  must  be  considered  bas-d 
upon  the  installation  of  all  equipment.  The  addition 
of  equipment,  particularly  in  the  instrument  panel, 
affects  the  frequencies  and  amplitudes  of  vibration. 
With  the  advent  of  solid-state  components,  vibration 
problems  have  been  reduced,  but  most  internal  com- 
ponents still  arc  vulnerable  to  vibration  fatigue. 
While  avionic  manufacturers  qualify  their  products 
to  a specification,  the  applicable  specification  cannot 
duplica'c  absolutely  the  situations  encountered  in  the 
actual  installation  Therefore,  it  is  desirable  to  de- 
sign for  a minimum  level  of  vibration. 

Temperature  ranges  may  be  severe,  depending 
upon  ambient  conditions.  Because  of  the  large  areas 
of  transparent  windshield  or  canopy,  solar  heat  can 
become  a problem  when  the  doors  are  closed  and  the 
helicopter  is  on  the  ground.  Avionic  packages  are 
good  Iicps  sinks;  they  will  absorb  a great  deal  of  heat 
and  will  not  dissipate  it  for  some  ,ime  after  be- 
coming airborne.  Some  ground  temperature  con- 
ditions are  worse  than  conditions  in  flight. 

A temperature  survey  is  an  important  design  con- 
sideration foi  avionic  equipment  installation.  Data 


based  upon  heat  rise  can  be  developed  for  various 
critical  ambient  temperature  situations.  It  must  be  re- 
membered that  ram  air  is  not  available  on  the  ground 
or  when  the  helicopter  is  hovering;  therefore,  either 
auxiliary  air  from  outside  the  aircraft  or  engine  bleed 
air  must  be  used  to  meet  cooling  requirements. 

If  a particular  helicopter  is  to  be  a multiuse  air- 
craft, requirements  applicable  to  the  various  uses 
must  be  considered.  If  a single  airframe  is  to  be  used 
for  two  or  more  different  types  of  missions,  the 
avionic  configuration  design  must  accomplish  all 
requirements  economically. 

Environmental  test  requirements  should  be  formu- 
lated during  the  initial  helicopter  planning  phase  and 
should  consider  all  environmental  conditions  to  be 
encountered. 

8-2  COMMUNICATION  EQUIPMENT 

8-2.1  GENERAL 

Army  helicopters  contain  many  combinations  of 
communication  equipment.  Because  of  the  rapid  de- 
velopment of  new  devices  and  the  changes  in  nomen- 
clature, no  specific  radios  arc  referenced  in  this 
chtpitr. 

The  types  of  communication  equipment  currently 
in  use  include  high  frequency,  HF  (3-30  MHz)  very 
high  frequency,  VHF  (FM)  (30-75.9  MHz);  VHF 
(AM)  (118-150  MHz);  ultra  high  frequency,  UHF 
(AM)  (225-400  MHz);  and  millimetei  wave.  A typical 
communication  block  diagram  is  shown  in  Fig  8-1. 

Guidelines  for  the  radio  installation  include: 

1.  The  transmitter  should  be  mounted  in  close 
proximity  to  the  antenna  in  order  to  preclude  line 
losses. 

2.  The  control  head  should  oc  rri  i to  pro- 
vide ease  of  access  for  the  flight  crew. 

3.  Routing  of  audio  wires  should  be  such  us  to  pre- 
vent crosstalk  and  feedback. 

4.  Power  leads  should  be  of  sufficient  size  to  per- 
mit full  generator/battery  voltage  to  appear  at  the 
radio  under  transmit  conditions. 

5.  Components  should  be  mounted  in  an  area 
wheie  sufficient  cooling  will  be  available. 

6.  A low-vibration  area  should  be  provided  for 
mounting.  The  vibration  limitations  for  communica- 
tion equipment  are  identified  normally  in  the  ap- 
plicable equipment  installation  specification  (SCL-I- 
OOXX). 

Each  of  these  guidelines  contributes  to  the  re- 
liability of  the  overall  system,  and,  thcicfore,  is  es- 
sential tor  helicopter  mission  accomplishment. 

Transmission  lines,  usually  coaxial  cables,  are  used 
to  cairy  the  transmitted  signal  to  the  antenna  and  the 
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received  signal  from  the  antenna  to  the  receiver.  Low- 
loss  cable,  such  as  RG-2I4/U,  should  be  considered 
for  lengthy  runs  where  excessive  loss  could  occur. 
Newer  cables  are  being  developed,  and  appear 
promising.  Commercial  cables,  even  if  not  yet  ap- 
proved by  Army  qualification  tests,  should  be  pro- 
posed by  the  contractor  if  their  use  assists  in  main- 
taining efficiency  and  low  cost.  AMCP  706  125  (Ref. 
2)  should  be  consulted  for  further  information  on 
transmission  lines. 

Antenna  considerations  for  communication  equip- 
ment are  presented  in  par.  g-S. 

8-2.2  MICROPHONE-HEADSET 

A helicopter  microphone  must  be  of  the  noise- 
cancelling  type;  Army  and  civilian  experience  has 
shown  that  a dynamic  microphone  is  the  most  ef- 
fective. In  the  noise-cancelling  microphone,  ambient 
acoustic  noise  enters  both  sides  of  the  microphone 
with  equal  intensity  and  at  the  same  phase  re- 
lationship. Unfortunately,  the  face,  lips,  teeth,  and 
protective  helmet  have  a major  effect  upon  the  noise- 
cancelling characteristics.  In  the  case  of  a helicopter 
with  a high  ambient  acoustic  noise  level,  it  may  be 
necessary  to  conduct  a power  spectral  density 
measurement  of  the  noise  level  in  the  microphone 
area,  using  standard  microphones,  and  then  to  de- 
velop a filter  that  attenuate*  unwanted  noise  while 
permitting  a voice  to  pas.  thtough  the  microphone 
amplifier. 

The  headset  also  must  be  of  a dynsnuc  type,  and  i: 
is  highly  dcsi'able  that  it  have  minimum  high-level 
distortion.  T he  ear  muffs  should  be  large  enough  to 
exclude  extraneous  noise  while  providing  operator 
comfort  on  long  flights. 

1 he  microphone -headset,  if  included  as  part  of  rhe 
helmet,  also  should  possess  the  foregoing  character- 
istic!;. 
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8-23  INTERCOMMUNICATION  SELECTOR 
BOX 

The  microphone-hetdset  plugs  into  an  inter- 
communication selector  box  (ICS),  which  will  have  a 
number  of  microphone  and  headset  selector  switches. 
Usually,  the  selector  unit  has  an  integral  volume  con- 
trol and  a “hot"  microphone  switch.  A typical  unit  is 
shown  in  Fig.  8-2. 

The  ICS  control  unit  sclocJs  — for  each  crew 
member  — the  radio  for  which  the  headset  is  selected, 
the  intercom  functions,  and  the  emergency  radio. 
(The  emergency  radio  function  normally  is  un- 
switchcd  audio  which  cannot  be  disabled.)  Often, 
other  functions  are  routed  through  the  ICS  control 
box  — such  as  engine  failure  warning,  landing  gear 
warning,  rotor  brake-on  warning,  and  other  audio 
warning  signals.  Vhe  ICS  control  box  is  the  main 
switchboard  for  the  flight  crew.  It  usually  is  ar- 
ranged in  a standard  configuration  so  that  a crew 
member  can  transfer  from  one  type  of  aircraft  to 
another  without  confusion. 

It  is  imperative  that  each  crew  member  hr-.vc  ready 
access  to  his  ICS  control  unit.  Cockpit  and  crew  sta- 
tion arrangement  is  described  in  par.  13-2.1. 


8-3  NAVIGATIONAL  EQUIPMENT 

8-3.1  CENERAL 

The  categories  of  navigational  equipment  are: 

1.  Terminal  maneuvering 

2.  Eu  route  navigation 

3.  Interdiction 

4.  Low-light-level  navigation 

5.  Station-keeping. 

Because  the  usefulness  of  VFR  aircraft  has  been 
limited  in  recent  combat  operations,  future  heli- 
copter requirements  will  include  all-weather  opera- 
tion with  stability  augmentation  systems. 

The  location  and  installation  of  the  antennas 
required  for  the  navigational  equipment  discussed  arc 
further  defined  in  par.  8-5. 

Navigation  displays  arc  discussed,  along  with  other 
flight  instruments,  in  Chapter  10. 
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In  addition  to  the  basic  flight  instruments,  a 
helicopter  may  have  VOR,  ILS,  marker  beacon,  and, 
preferably,  a radar  altimeter. 

The  helicopter  VOR  Antenna  Array  is  mounted 
for  horizontal  polarization  in  an  area  that  provides 
maximum  performance  and  minimum  rotor  modu- 
lation. The  basic  ground  signal  is  both  frequency- 
and  amplitude-modulated  at  30  Hz,  and  the  aircraft 
VOR  receiver  measures  the  phase  difference  between 
these  two  signals  in  order  to  obtain  the  angular  dis- 
placement to  the  station;  accuracy  of  the  VOR  is 
about  ±2  deg.  Because  the  main  rotor  blade  often  ro- 
tates at  an  angular  rate  that  is  some  subharmonic.of 
3Q  Hz,  helicopter  manufacturers  have  experienced  a 
great  deal  of  difficulty  with  rotor  modulation  of  the 
VOR.  Usually  the.  rotor  modulation  can  be  seen  in 
the  oscillation  of  the  course  needle.  In  extreme  pf$es, 
the  course  information  will  become  unusable.  ; 

There  are  some  experimental  techniques  available 
by  which  this  rotor  modulation  can  be  eliminated. 
Essentially,  these  depend  upon  detecting  the  rotor 
amplitud>modulation  on  the  subcarricr,  inverting  it, 
and  summing 'it  .with  the  modulation  on  the  VOR 
receiver  variable  phase  channel  — in  effect,  can- 
celling it  out.  While  this  principle  has  been  demon- 
strated, it  also  hits  been  found. to  introduce  an  ad- 
ditional error  into  the  system.  The  small  variation  in 
wheel-tooth  symmetry  in  the'  spinning  tone  wheel 
typically  used  to  generage  the  subcarriers  in  VOR 
systems  results  in  an  amplitude  modulation  of  the 
subcarrier.  When  the  modulation  of  the  subcarrier  is 
summed  with  the  variable  phase  signal,  the  rotor 
component  is  cancelled  but  these  asymmetries  im- 
pose a new  AM  component  on  the  tone.  Thus,  the 
principle  cannot  yet  be  applied  to  operational  equip- 
ment (Ref.  3). 

An  instrument  landing  system  (ILS)  is  used  to 
guide  the  aircraft  to  the  ground.  The  ILS  is  composed 
of  a localizer,  which  operates  between  108  and  T 12 
MHz  and  uses  the  same  antenna  as  the  VOR,  and  a 
glidcscope,  which  operates  between  ??9  and  335 
MHz.  When  a localizer  frequency  is  dialed,  the  glide- 
scope  is  channeled  automatically  to  the  proper  fre- 
quency. Both  the  localizer  and  the  glidescopc  use  90 
and  150  Hz  to  provide  right-left  or  up-down  signals. 
Again,  rotor  modulation  has  been  • major  problem 
in  both  these  devices. 

An  additional  radio  for  use  with  the  VOR  and  ILS 
J is  the  marker  beacon  receiver.  The  receiver  operates 

Vat  75  MHz  and  is  used  to  locate  points  along  the  ILS 
path. 


8-3.3  EN  ROUTE  NAVIGATION  EQUIPMENT 

Navigational  equipment  used  in  en  route  flying 
may  include  ADF,  DME,  TACAN,  LORAN,  con- 
pass,  Doppler  radar,  and  inertial  navigation  systems. 
The  mission  requirements  dictate  the  dc/m  of 
sophistication  required. 

8-3  J.l  Automatic  Direction  Finder  (ADF) 

This  is  a refinement  of  the  old  radio  direction 
finder,  and  employs  both  a sense  antenna  and  a loop 
antenna  on  board  the  aircraft.  The  signals  from  these 
two  antennas  are  added  vectorially  and  a cardioid 
pattern  results.  By  means,  of  circuitry  within  the 
fadio,  the  system  always  seeks  the  null  of  the  cardioid 
and,  by  means  of  proper  calibration  and  instru- 
mentation, a [jointer  shows  the  relative  bearing  to  the 
station  to  which  the  radio  is  tuned. 

The  equipment  designer  must  be  certain  that  the 
receiver  antfcnnas  are  selective,  so  that  extraneous 
signals  will  not  affect  the  operation  of  the  unit.  At- 
tempts have  been  made  to  install  wideband  ampli- 
fiers in  the  loop  and  sense  antenna  circuits  in  order  to 
try  to  improve  the  efficiency  of  a short  antenna  or  a 
Song  cable  ran  from  antenna  to  radio;  however,  such 
attempts  usually  have  resulted  in  additional  design 
problems. 

' The  sense  antenna  should  be  as  far  from  the  main 
rotor  sis  possible  in  order  to  prevent  interference  from 
tribdelectric  noise,  and  should  be  close  to  the  elec- 
trical CG  of  the  helicopter  for  good  reversal 
characteristics.  The  location  of  the  sense  antenna  de- 
termines (he  reversal  characteristics  of  the  system. 
Empirically,  it  has  been  Shown  that  if  the  sense  anten- 
na is  located  forward  on  the  aircraft  belly,  an  early 
reversal  (and,  possibly,  multiples)  will  occur;  if  it  is 
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result.  If  it  is  mounted  forward  on  the  top,  a later 
reversal  wilt  occur;  and  if  mounted  aft  on  the  top,  an 
early  reversal  will  result. 

The  loop  antenna  should  be  mounted  so  that  it  is 
symmetrical  in  the  longitudinal  axis  for  symmetry  in 
calibration.  Because  the  loop  is  affected  by  large 
masses,  consideration  should  be  given  to  the  location 
of  deployable  or  disposable  stores  when  placing  the 
loop. 

The  ADF  never  is  to  be  considered  as  precision 
equipment.  It  is  versatile,  and  its  angular  error  varies 
inversely  with  distance  and  increases  with  at- 
mospheric noise  level.  It  is  vulnerable  to  counter- 
measures. 

8-3.3 .2  Distance-measuring  Equipment  (DME) 

Distance-measuring  equipment  has  been  in  use  for 
some  years  and  is  very  accurate.  It  consists  of  an  air- 
borne transponder  that  sends  out  a signal  that 
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(rinm  a ground  transponder  into  (ending  back 
another  signal  to  the  aircraft  on  a slightly  different 
frequency.  The  airborne  transponder  measures  the 
total  elapsed  time,  divides  by  two,  and  conve:ts  this 
figure  into  miles.  The  distance  then  is  presented  to  the 
pilot  by  means  of  a dial  instrument  or  a digital  dis- 
play. The  antenna  should  be  isolated  from  other  an- 
tennas as  much  as  possible  due  to  the  pulsed 
characteristic  of  the  output. 

fMJJ  Tactical  Air  Navigation  (TACAN) 

TACAN  (Tactical  Air  Navigation)  is  e military 
system  that  combines  DME  and  a form  of  VOR  (Sta- 
tion Bearing)  so  as  to  give  the  pilot  a continuous  posi- 
tion fix  with  respect  to  a single  station,  in  terms  of 
distance  and  bearing  to  the  station.  Each  ground 
TACAN  beacon  consists  of  a transmitter  and  an  an- 
tenna. The  transmitter  operates  in  the  UHF  band, 
between  962  and  1213  MHz.  The  airborne  receiver- 
transmitter  sends  out  a chain  of  interrogation  pulses 
and  decodes  the  reply  from  the  ground  station 
TACAN  is  a linc-of-sight  system,  and  there  is 
almost  no  chance  of  interference  from  stations  be- 
yond the  radio  horizon. 

ioju«  LoM-rtw'  Navigation  (LOR AN) 
Hyperbolic  navigation  is  achieved  when  synchro- 
nized signals  having  a known  velocity  cf  propa- 
gation are  trai  smiUed  from  at  (east  three  known 
points,  and  the  relative  times  of  arrival  cf  these 
signals  are  measured  and  interpreted.  Standard 
LORAN  is  a hyperbolic  navigation  system  that  was 
developed  primarily  for  long-range  navigation  over 
water.  It  operates  on  one  of  several  frequencies 
between  1700  and  2000  Hz,  and  its  propagation 
characteristics  arc  determined  primarily  by  soil  con- 
ductivity and  ionospheric  conditions. 

The  long  pulse  length  requires  the  use  of  careful 
matching  techniques  in  order  to  achieve  jeisonablt 
precision  The  chief  disadvantages  of  LOR/'N  in- 
clude the  impossibility  of  instantaneous  fixing  with- 
out dual  insulations,  the  presence  at  night  of  long 
tra'ns  of  pulses  reflected  from  the  ionosphere,  and  the 
fact  that  ionospheric  transmission  is  not  homo- 
genous, to  that  the  shapes  of  the  sky-wave  pulses 
often  are  distorted  and  difficult  to  match. 

LORAN  C/D  is  the  latest  inode!  of  this  type  of  air- 
borne equipment.  The  accuracy  is  extremely  good 
when  the  set  is  operating  within  the  range  of  highest 
accuracy  of  the  transmitting  stations.  The  LORAN 
equipment  operates  in  the  HF  region,  so  a relatively 
long,  wire  antenna  is  desirable.  Except  for  reversal 
characteristics,  the  same  considerations  should  be 
used  in  the  placement  of  this  antenna  as  arc  used  for 
the  ADF  sense  antenna. 


8-3J.5  CoapuaM 

There  usually  are  two  types  of  compass  systems 
abroad  a helicopter.  The  most  precise  is  the  slaved  di- 
rectional gyro  (DG),  that  has  two  modes  of  opera- 
tion — free  directional  gyro  and  slaved  compass.  In 
the  free  mode,  it  acu  only  ns  a directional  gyro;  In  the 
slaved  mode,  signals  from  a flux  valve  slave  it  to  mag- 
netic north.  Particular  care  must  be  used  in  the  lo- 
cation of  the  flux  valve;  it  must  be  as  far  as  prac- 
ticable from  any  ferrous  material,  and  any  DC  wiring 
in  close  proximity  must  be  two-wire  twisted. 

The  stand-by  magnetic  compass  usually  is  located 
above  the  instrument  panel.  Compensation  is  inte- 
gral to  the  unit.  If  light  wires  are  installed  for  this 
compass,  they  must  be  two-wire  twisted. 

Intermittent  fields  should  be  avoided  for  all  com- 
pass systems. 

8-3J.6  Doppler  Navigation  Systems 

Doppler  systems  measure  velocity  only,  by  the 
well-known  Doppler  effect  in  which  radiation  from  a 
source  in  motion  relative  to  the  viewer  is  displaced  in 
frequency.  In  practice,  this  means  comparing  the  fre- 
quency of  the  returned  echo  with  a stable  reference 
frequency;  ihe  difference  between  the  two  is  a direct 
measure  of  the  rclstive  velocity.  Accuracy  thus  de- 
pends upon  the  echo  quality.  Echo  quality  from 
water,  for  example,  often  is  poor. 

Doppler  systems  determine  location  relative  to  the 
point  of  flight  origin  by  integration  of  measured  velo- 
city vectors.  Doppler  accuracy  represents  an  im- 
provement over  airspeed -clock -compass  dead  rec- 
koning because  the  velocity  vectors  measured  are 
relative  to  the  ground.  Generally,  the  vectors  in  the 
direction  of  flight  and  normal  to  it  (x  and  y)  are 
measured.  The  system  accuracy  is  expressed  as  a per- 
centage of  the  distance  travelled,  as  opposed  to  in- 
ertial systems  whose  accuracy  is  relative  to  the  time  of 
flight. 

Typical  performance  accuracy  of  Doppler  systems 
for ground  speed  isO.l  1%  (rm»)  over  IGnmi,  and 0.06 
deg  (mu)  for  average  drift.  Reliability  of  actual  in- 
stallations has  typically  been  1000  to  1200  hr  MTBF. 
Further  information  on  Doppler  systems  can  be 
found  in  Ref.  4. 

8-3.3.?  Inertial  Navigation  Systran 

Inertial  navigation  systems  (INS)  have  been  de- 
veloped primarily  for  use  on  fixed-wirg  military  and 
commercial  aircraft.  Because  of  the  requirement  that 
an  inertial  platform  be  precise  without  ground  station 
correction,  this  device  is  a valuable  navigational  stan- 
dard in  forward  areas.  Countermeasures  arc  vir- 
tually nonexistent. 
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INS  operation  ut  governed  by  two  basic  physical 
prodflN  — the  gravitations!  pull  of  the  earth  and 
Um  gyroscopic  principle.  Essentially,  the  INS  is  made 
up  of  a stable  platform,  a computer,  a memory,  and  a 
presentation.  Many  outputs  can  be  derived  from  such 
a unit  — e.g.,  true  north,  velocity  and  direction,  ^rab 
angle,  and  all  autopilot  signals  necessary  to  pre- 
determine  flight  track. 

The  only  requirement  necessary  for  installation  of 
inertial  navigation  equipment  is  the  provision  of  a 
precise  longitudinal  axis  for  reference.  Normal 
EMI/EMC  precautions  also  must  be  taken. 


scanner,  a signal  conditioner,  a power  supply,  and  a 
video  display.  The  sensor  responds  to  a selected  spec- 
trum in  the  1R  region,  and  operates  in  total  dark- 
ness. It  is  extremely  sensitive  and  can  discriminate 
between  slight  temperature  differences.  The  system 
can  be  designed  to  include  very  accurate  definition, 
and  the  resultant  display  on  a dark  night  can  dupli- 
cate a daylight  TV  picture. 

These  low-light-lcvel  devices  are  used  in  activities 
that  cali  for  radio  silence,  acoustic  silence,  low  radar 
reflectivity,  end  low  1R  signature.  Flight  techniques 
also  are  important. 


S-3.4  INTERDICTION  EQUIPMENT 

Because  of  security  considerations,  this  discussion 
nocessarily  is  limited.  Generally,  a specific  electronic 
countermeasure  (ECM)  device  will  give  quadrature 
information  (general  location  of  the  equipment  under 
surveillance),  frequency,  pulse  width  (if  pulsed),  duty 
cycle,  peak  and  average  power,  and  repetition  rate. 
The  ECM  also  is  designed  to  provide  other  types  of 
information  if  required.  ECM  is  desirable  as  interdic- 
tion equipment,  not  only  to  provide  the  helicopter 
crew  with  information,  but  to  telemeter  the  informa- 
tion back  to  secondary  forward  analysis  areas. 

In  addition  to  ECM,  it  may  be  desirable  to  include 
optical  or  laser  range-finders,  ranging  gunlaying 
radar,  or  otlwr  devices  to  aid  the  interdiction  aircraft 
in  performing  its  mission  and  to  pinpoint  targets  for 
forward  ground  artillsry.  Communications,  usually 
secure,  will  form  a part  of  the  system. 

While  not  actually  a part  of  the  interdiction  equip- 
ment, the  electrical  characteristics  of  the  helicopter 
must  be  considered  to  be  a part  of  the  mission. 
Acoustic  noise,  radar  reflectivity,  and  infrared  (IR) 
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craft  mission  will  specify  radio  frequency  transmis- 
sion usage. 


W3  LOW-UGHT-LEVEL  NAVIGATIONAL 
EQUIPMENT 

This  equipment  is  unique,  and  is  required  only  for 
specific  missions.  There  are  three  basic  types  of  such 
equipment.  The  first  type  is  low-light-leve!  televi- 
sion. In  is  simplest  form  it  is  nothing  more  than  a 
doeed-circuit  TV  employing  a camera  that  is  sensi- 
tive particularly  to  low  light  levels. 

The  second  type  it  an  adaptation  of  the  photo- 
multiplier or  “snooperscope”  device  used  during 
World  War  II.  Optical  stabilization  and  intensi- 
fication techniques  have  been  refined,  and  the  im- 
proved system  has  some  unique  advantages. 

The  third,  and  most  promising,  system  is  the  in- 
frared (IR)  detection  type.  It  consists  of  a sensor- 
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8-3.6  STATION-KEEPING  EQUIPMENT 

This  equipment  generally  is  used  for  maintaining  a 
position  directly  over  a point  on  the  earth  and  for  for- 
mation flying.  T he  systems  usually  are  employed  on 
larger,  load-carrying  helicopters  requiring  precision 
positioning  for  pickups  and  drops. 

In  applications  requiring  loading  and  unloading 
from  a hover,  Doppler  radar  is  the  most  readily 
available  and  precise  type  of  station-keeping  equip- 
ment. Most  conventional  Doppler  navigational 
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the  frequencies  are  relatively  high  and  accurate.  At 
zero  velocity,  the  Doppler  shift  will  be  zero,  and 
determination  of  movement  is  difficult;  however,  re- 
cent developments  by  avionic  manufacturers  effec- 
tively have  permitted  zero  error  during  hover.  This 
type  of  system  is  recommended  for  station-keeping 
for  loading  situations. 

Doppler  systems  require  specific  antenna 
locations.  Generally,  three-  or  four-beam  patterns  arc 
used.  Some  manufacturers  incorporate  all  functions 
into  one  antenna.  Certain  types  of  equipment  require 

that  the  anUfiim  be  giinbidcu  for  siabiimtiion  pur- 
poses. Provisions  for  antenna  location  must  be  made 
during  the  early  design  phase  in  order  to  maximize  ef- 
ficient use  of  tilt  area  in  the  fuselage  belly. 

For  station-keeping  during  formation  flying,  many 
techniques  have  been  used  in  the  past  and  are 
satisfactory  under  both  VFR  and  IFR  conditions. 
Cost-effectiveness  decisions  will  determine  equip- 
ment selection.  Radar,  together  with  beacons, 
LORAN,  or  special  IR,  may  be  considered. 

8-4  FIRE  CONTROL  EQUIPMENT 

8-4.1  GENERAL 

The  airborne  fire  control  system  selectively  per- 
forms the  tasks  of  (1 ) establishing  that  the  weapon  is 
aligned  properly  to  hit  the  target,  and  (2)  driving  and 
holding  the  weapon  platform  to  a commanded  posi- 
tion. 
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Tile  major  elements  of  any  fire  control  system  con- 
aitt  of  light,  icnson,  and  computet.  The  weapon 
control!  are  a part  of  the  fire  control  equipment,  and 
their  functions  are  to  activate  the  gun  or  missile, 
regulate  gun  firing  rate,  select  the  weapon,  regulate 
the  ammunition  feed  system,  inventory  the  am- 
munition supply,  etc. 

The  complexity  and  sophistication  of  an  avionic 
fire  control  system  will  vary  according  to  the  degree 
of  accuracy  required,  and  the  type  and  flexibility  of 
the  armament  subsystem,  The  armament  subsystem 
may  be  an  integral  subsystem  of  the  helicopter,  or  it 
may  be  a modular  component  that  can  be  snapped  on 
or  off  to  suit  the  particular  mission  requirements. 
Thus,  the  designer  must  establish  Are  control  design 
requirements  commensurate  with  required  aircraft 
missions. 

Because  the  kinds  of  missions  to  be  performed  are 
likely  to  be  broad  in  scope  (ranging,  perhaps,  from 
close  tactical  support  to  rescue),  ihc  fire  control  re- 
quirements likewise  will  be  varied.  Mission  analysis 
will  determine  the  Are  control  functions  to  be  per- 
formed, and  a careful  selection  of  multiuse  arma- 
ment subsystem  equipment  will  reduce  weight  and 
space  requirements.  Armament  subsystems  available 
for  helicopters  include  flexible  turreted  guns,  fixed 
guns,  rockets,  and  missiles.  The  interface  character- 
istics of  their  supporting  functions  arc  as  different  3* 
the  armament  systems  themselves.  Consequently,  de- 
tailed integration  design  specifications  for  each  type 
of  armament  subsytem  shall  be  issued  so  as  to  insure 
effective  weapon  delivery. 

8-4.?  INSTALLATION 

Adequate  provisions  for  installation  of  the 
elements  of  the  respective  Are  control  systems  should 
be  incorporated  into  the  helicopter  to  insure  proper 
matching  or  harmonization  of  such  systems  with  ar- 
mament. The  Are  control  system  should  be  installed 
as  specified  in  the  helicopter  specification  governing 
control  of  guns,  rockets,  and  guided  missiles.  The 
helicopter  manufacturer  is  responsible  for  the  shock 
mounting  of  all  Arc  control  equipment  installed. 
Vibration-isolating  mounts  should  be  incorporated 
so  that  equipment  will  not  be  affected  adversely  by  vi- 
brations in  the  helicopter.  Testing  shall  be  in  ac- 
cordance with  M1L-STD-810. 

MJ  SIGHTING  STATION 

The  sighting  station  provides  the  means  by  which 
the  weapon  operator  establishes  the  azimuth  and  de- 
pression coordinates  of  the  target  relative  to  the  air- 
craft position.  For  flexible  weapons,  the  sighting  sta- 
tion includes  the  operating  controls  by  which  the 


weapon  is  aimed  and  fired.  An  optical  sight,  either 
direct-viewing  or  pcriscopic,  generally  t>  used  for 
daylight  operations,  and  may  provide  selectable  de- 
grees of  optical  magnification. 

The  sighting  station  also  may  provide  target  range 
and  image  intensification  sensors.  Target  range 
equipment  can  include  lasers,  radar,  or  stadiametric 
ranging  devices.  Image  intensiflers  include  low-light- 
level  television,  electronic  image  amplifiers,  and  op- 
tical telescopes. 

Direct  viewing  weapon  sights  have  been  a major 
source  of  fatal  and  serious  head  trauma  during 
crashes  in  US  military  aircraft  during  World  War  II, 
Korea,  and  Vietnam.  It  is  essential  that  all  sighting 
devices  be  designed  to  eliminate  their  potential  as  in- 
jury producers.  Factors  to  be  taken  into  con 
sidcration  in  order  to  delethalize  sighting  devices  arc: 

1.  Ability  to  instantly  remove,  jettison,  or  stow 
during  emergency 

2.  Not  to  create  additional  hszardfs)  to  other  crew 
personnel  in  the  event  of  emergency 

3.  Adequate  stowed  tiedown  strength  to  prevent 
sight  from  rebounding  during  impact 

4.  Not  to  represent  lethal  missile  'lazard  in  the 

•ynnf  of  ornsK 

5.  Review  of  Ref.  5. 

8-4.4  SENSORS 

Fire  control  system  sensors  provide  the  in- 
formation necessary  for  solving  the  fire  control  prob- 
lem and  directing  the  weapon(s)  at  the  target.  Sensor 
types  include  those  that  measure  target  and  aircraft 
motion  or  position,  and  those  that  assist  in  target  de- 
tection. Externally  mounted  sensors  should  be 
housed  in  aerodynamic  fairings  wherever  possible, 
and  protection  should  be  provided  against  such  en- 
vironmental conditions  as  handling  and  accidents! 
ground  maintenance  damage.  Sensors  that  produce 
electro-optical  or  electromagnetic  energy  should  be 
located  so  that  neither  direct  nor  reflected  energy 
enters  the  crew  compartment.  Furthermore,  the 
mounting  provisions  for  such  sensors  should  permit 
attachment  of  ground  operation  war  ning  devices  to 
alert  ground  crews  to  potential  radiation  hazards. 

The  mechanical  interface  between  the  sensor  and 
the  helicopter  should  be  designed  tor  adequate 
strength,  ease  of  maintenance,  and  accurate  align- 
ment with  the  helicopter  datum  plane.  Sensors  pro- 
jecting from  helicopter  mold  lines  should  be  loaned 
so  that  they  will  not  interfere  with  aircrew  entry  and 
exit.  Aerodynamic  seniors  include  those  tor  the  pitot 
tube,  tngleof-attack  indicator,  and  air  data  com- 
puter. They  should  bi  located  as  far  forward  on  the 
aircraft,  and  as  far  from  the  fuselage  or  appendages, 
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n |f  practicable  to  minimize  aerodynamic  iattr- 
ferenos  ami  local  flow  variation*  due  to  the  influence 
of  the  main  rotors).  Sensor  accuracy  levsls  should  be 
•elected  for  compatibility  with  fire  control  accuracy 
requirement*. 

Seoaon  located  internal  to  the  helicopter  j kdi  be 
protected  against  the  vibration  ifaock  and  power  load 
anvironmenta  associated  with  the  (pacific  helicopter 
design.  la  general  any  aaoaing  equipment  located 
within  the  crew  compartment  must  be  capable  of 
withatandutf  crash  load  factors  without  detaching 
from  its  mountings.  Vibration  isolation  should  be 
provided  in  accordance  with  MIL-E-5400  and  MIL* 
STD-810.  Power  requirements  (including  number 
and  stac  of  electrical  wires),  the  necessity  for 
shielding,  and/or  the  use  of  nonstandard  electrical 
oonnactore  should  be  considered  in  the  design  of  the 
internal  mounting  structure.  Mounting  provisions  for 
all  sensor  units  should  provide  for  easy  removal  of 
fasteners  and  connectors,  and  for  structural  clearance 
adequate  to  permit  rapid  removal  and/or  repair 
during  maintenance  operations. 

San  sort  using  electro-optical  or  electromagnetic 
energy  should  be  located  in  regions  where  they  will 
mmiwww  minimum  electrical  interference  from 
other  aircraft  equipment.  This  principle  applies  to 
both  the  intamal  and  the  external  (transmitting)  por- 
tions of  the  equipment.  The  electrical  power  require- 
ments or  there  equipment  types  can  be  significant.  In 
order  to  minimize  transmission  losses  and  electrical 
interference,  it  is  necessary  to:  (1)  locate  the  sensor 
unit  power  supply  in  dose  proximity  to  the  heli- 
copter power  source,  and/or  (2)  minimize  the  sepa- 
ration between  the  sensor  unit  and  the  point  of  air- 
craft transmission.  In  addition,  care  should  be  taken 
to  avoid  potential  hazards  to  the  aircrew  during 
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843  COMPUTERS 

The  airborne  fire  control  computet  is  a special- 
purpose  device  that  accepts  quantitative  in- 
formation, arranges  it,  performs  a mathematical  cal- 
culation, and  provides  qualitative  output  in- 
formation. This  definition  describes  a simple  elec- 
trical computing  circuit  as  well  as  a digital  computer. 
The  specific  requirements  for  the  computer  are  es- 
tablished by  the  degree  of  fire  control  accuracy  de- 
sired. In  addition  to  supporting  fire  control  compu- 
tation, the  airborne  computer  may  be  employed  to 
assist  in  flight  control,  navigation,  and  communi- 
cation tasks. 

The  specific  design  requirements  of  the  computer 
system  sMl  be  in  accordance  with  the  governing 
design  requirements  of  the  fire  control  system  for 


sharing  helicopter  nr  igation-avkmic  computation 
function*. 

Power  requirement*.  shall  be  as  specified  by  com- 
puter design  requirements.  Computer  vibration  iso- 
lation will  be  required  as  specified  in  the  design  re- 
quirements. In  meeting  computer  access  require- 
ments, consideration  must  be  given  to  removal,  safe- 
ty, replacement,  and  component  inspection. 

84,6  FIRE  CONTROL  ACCURACY 

Guns  and  rockets  should  have  adequate  structural 
support  in  order  to  minimize  helicopter  structural  de- 
flections during  firing  or  launching.  Optical  sighta 
should  be  located  so  as  to  avoid  the  sighting 
aberrations  of  canopy  distortions.  Sights  should  be 
installed  upon  rigid  mounts,  but  without  inducing 
undue  sight-line  vibrational  distortion.  Locations  of 
sights  and  armament  should  be  such  as  to  avoid  the 
probability  of  excessive  parallax  errors  in  the  fire 
control  computation.  The  sight  and  armament  sub- 
systems should  be  installed  with  suitable  adjustment 
and  lock  devices  for  proper  boresighting  and  har- 
monization Electronic  equipment  should  be  pro- 
t ,cted  from  the  noise  generated  by  helicopter  power 
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generate  electronic  noise).  Data  sensors  and  ballistic 
computer,  should  be  chosen  so  as  to  provide  com- 
ponent accuracy  characteristics  consistent  with  the 
system  accuracy  requirements  of  the  governing  heli- 
copter specification. 

844,1  ItiMtfa!  StaMizatkm 

For  some  applications,  stabilization  of  the  sight 
retick  is  used  in  order  to  remove  helicopter  motion 
dynamics  as  a source  of  sighting  error.  Stabilization 
is  also  incorporated  in  automatic  target  tracking 
equipment.  This  equipment  typically  is  designed  as 
part  of  the  sighting  station,  but  remote  auxiliary  com- 
ponent location  may  be  required.  Auxiliary  com- 
ponents should  be  installed  in  accordance  with  design 
practices  specified  by  the  sight  supplier. 

84.63  Fire  Coatrol  Datum  Flame 

A physical  reference  surface  should  be  established 
so  as  to  relate  sight  and  armament  equipment  for 
basic  alignment  and  harmonization  of  the  fire  control 
system  with  the  aircraft  structure. 

!n  a fixed  weapon  system  installation,  the  weapon 
firing  line  generally  is  aligned  so  as  to  be  parallel  to 
the  aircraft  datum  line.  The  designer  should  consider 
weapon  characteristics,  such  as  tangential  projectile 
throw  and/or  barrel  cant,  during  the  alignment 
process.  If  the  system  is  radat -directed,  the  radar  line 
must  be  aligned  parallel  to  aircraft  datum. 
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For  flexible  fir:  control  systems  — either  radar*  or 
optically-directed  — provisions  shall  be  made  to  align 
and  test  the  line  of  sight,  the  tracking  line  (turret 
minus  weapon),  and  the  weapon  firing  line  parallel  to 
the  aircraft  datum  line.  Provisions  must  be  included 
for  testing  and  harmonizing  the  fire  control  co- 
ordinate system  with  the  aircraft  coordinate  system. 
The  precision  of  measurement  is  dependent  upon  the 
overall  fire  control  system  requirements  and  the  as- 
sociated error  allocation. 

8-4.6  J Harmonization 

In  order  to  provide  the  greatest  firing  accuracy,  the 
major  components  must  be  adjusted  carefully.  This  is 
true  especially  of  the  sight  and  its  accessories,  the 
projectile-launching  equipment,  and  the  aircraft  it- 
self. This  harmonization  involves  the  orientation  of 
three  reference  lines  in  the  au  craft:  the  aircraft  datum 
line  (fiight  path),  the  sight  line,  and  the  armament 
line.  Lugs  aligned  with  the  aircraft  longitudinal  axis 
should  be  installed  to  provide  a surface  for  leveling 
the  equipment  and  for  establishing  reference  lines. 

Harmonization  of  fixed  weapon  installations 
generally  can  be  accomplished  by  mechanical  ad- 
justment of  the  weapon.  For  flexible  installations, 
mechanical  and  electrical  adjustments  are  required  in 
order  to  assure  coincidence  and  alignment  of  sight 
line  and  weapon  line. 

Harmonization  techniques  can  be  parallel,  point, 
or  pattern;  and  the  technique  best  suited  to  the 
specific  weapon  type  should  be  selected. 

In  parallel  harmonization  all  armaments,  plus  the 
sight  line,  are  aligned  parallel  to  the  Armament  datum 
plane.  Point  harmonization  typically  is  used  when  the 
armament  is  installed  well  outboard  front  the  center- 
line of  the  aircraft  or  the  sight  location.  In  this  case, 
all  armament  is  adjusted  sc  that  the  firing  lines  inter- 
sect at  a point  ahead  of  the  aircraft,  thus  con- 
centrating the  fire  of  the  weapons  upon  a single,  small 
area  at  a selected  range.  Pattern  harmonization  is 
similar  to  parallel  harmonization,  except  that  the 
parallel  armament  line  is  elevated  above  the  sight  line 
by  gravity  drop  or  velocity  hump  corrections.  All 
harmonizali-  n techniques  require  the  use  of  a special 
target  (or  harmonization  board)  as  support  equip- 
ment. 

8-4.7  COMPONENT  LOCATION 

The  major  points  to  be  considered  in  fire  control 
component  installation  include  vibration  and  shock 
isolation,  cooling  and  heating,  radio  noise  inter- 
ference, accessibility,  electrical  shock  hazards,  and 
crash  safety.  All  weapon  system  components  should 
be  mounted  so  that  the  entire  travel  of  the  shock 
mounts  is  possible  in  all  directions  without  inter- 


ference between  components.  For  small  com- 
ponents, the  shock  mounts  should  be  adequate  to 
support  the  weight  of  both  the  component  and  its 
cable  connections.  The  components  shall  be  located 
where  they  will  receive  an  ample  supply  of  cir- 
culating air,  particularly  when  airborne. 

Heating  may  be  necessary  for  come  components  of 
the  fire  control  system  under  extremely  low- 
temperature  conditions. 

Radio  noise  interference  should  be  reduced  by 
grounding  the  cases  of  all  components  securely  and 
filtering  power  supplies,  and  by  using  shielded  cable* 
for  pulse-carrying  applications. 

Electrical  shock  hazards  will  be  reduced  greatly  by 
secure  grounding  of  all  components. 

Ease  of  installation,  alignment,  and  trouble- 
shooting should  be  considered  during  equipment 
design  so  that  connectors  can  be  disconnected  readi- 
ly, even  under  adverse  conditions.  Components 
should  not  block  access  to  other  components.  Ser- 
viceability of  equipment  should  be  enhanced  by  lo- 
cating adjustments  and  test  points  on  a tingle,  ac- 
cessible surface.  Where  this  is  impossible,  the  use  of 
slideout  racks  to  permit  removal  of  equipment  from 
shock  mounts  should  be  considered.  Ii  the  com- 
ponent must  be  removed  from  the  aircraft  for  ad- 
justment, sufficient  cable  length  should  be  available 
to  allow  the  component  to  be  removed  and  placed  on 
a service  rack  without  disconnecting  its  cables. 

Great  care  should  be  taken  to  insure  that  avionic 
subsystem  component*  cannot  enter  crew  spaces  as 
lethal  missiles  in  the  event  of  a crash.  Crashworthy 
component  tiedown  strength  and/or  crashworthy 
barriers  should  be  provided  in  order  to  overcome  the 
lethal  potential  of  avionic  components. 

*-5  ANTENNAS 

8-5.1  GENERAL 

The  communication  and  navigation  equipment  d's* 
cussed  in  pars.  8-2  and  8-3  requires  a variety  of  an- 
tennas, ranging  from  those  in  the  low-to-microwave 
frequency  spectrum  to  there  haring  horizontal  and 
vertical  polarization  and  those  with  different  radia- 
tion patterns.  Antennas  are  susceptible  to  rotor- 
induced  modulation,  triboeiectric  charging,  and  noise 
generated  by  corona  discharge.  The  combination  of 
electrical  requirements  and  problems  created  by  the 
platform  presents  the  antenna  designer  with  difficult 
design  requirements.  Safety  problems  are  important. 
It  is  essential  that  antennas  capable  of  emitting  po- 
tentially harmful  or  fatal  radiations  be  marked  with 
appropriate  warning  labels  to  preclude  fatal  or 
serious  injury  to  aircrew  or  maintenance  personnel 
during  normal  operation  or  routine  maintenance. 
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M2  ANTENNA  DEVELOPMENT 

The  development  of  a helicopter  antenna  is  based 
upon  the  requirements  of  the  associated  equipment 
and  the  mission  for  which  the  helicopter  is  intended. 
Some  of  the  considerations  arc; 

1.  Frequency  range 

2.  Radiation  characteristics 

3.  Polarization 

4.  Efficiency 

3.  Voltage  standing  wave  trio  (VSWR) 

6.  Noise 

7.  Environment 

8.  Structure. 

The  frequency  range  of  the  antenna  determines  its 
basic  dimensions.  Army  helicopters  use  frequencies 
from  ISO  kHz  up  to  the  visible  range.  Without  con- 
sideration of  power  output,  the  high-frequency 
region  extends  to  30  MHz.  Depending  upon  the  time 
of  day,  the  time  of  year,  the  sunspot  cycle,  and  the 
vagaries  of  the  ionosphere  and  its  various  layers,  the 
HF  band  is  considered  to  be  the  best  for  long- 
distance communication. 

wiin  me  pcusuHin  of  solid-state,  siuglc-Scw^band 
(SSB)  equipment,  high-frequency  communication  is 
becoming  more  prevalent.  However,  mission  re- 
quirements will  establish  image  criteria. 

For  VHF,  30-300  MHz  and  up  is  considered  to  be 
linc-of-sight  communication  or  propagation,  de- 
pending upon  radiated  power  and  receiver  sensi- 
tivity, and  upon  the  points  of  radiation  and  re- 
ception. For  example,  a reasonably  dear  area  pro- 
vides true  line-of-sight  communication,  while  multi- 
ple layers  of  vegetation,  such  as  are  encountered  in 
Southeast  Asia,  require  much  more  power  in  order  to 
effect  through-vegetation  transmission  of  electro- 
magnetic impulses. 

For  operation  at  frequencies  in  the  LF  and  HF 
ranges,  antennas  arc  quite  long — e.g.,  one-quarter 
wavelength  at  1 MHz  is  246  ft.  Because  the  di- 
mensions are  so  large,  it  is  standard  practice  to  have 
the  antenna  system  include  an  antenna  tuner  as  a 
coupler.  1 ne  coupler  automatically  matches  the  im- 
pedance of  the  electrically  short  antenna  to  that  of 
the  transmission  line.  This  method  of  loading  wire 
antennas  becomes  less  efficient  as  the  ratio  of  anten- 
na length  to  the  wavelength  of  operation  becomes 
smaller. 

For  frcquendcs  at  or  above  VHF,  the  size  of  the 
antenna  is  less  of  a problem.  As  the  ciectrica!  length 
increases,  the  instantaneous  bandwidth  of  the  an- 
tenna also  increases,  and  the  result  is  operation  over  a 
wider  bandwidth  without  tuning.  Whereas  the  wire 
antenna  must  be  tuned  each  time  the  frequncy  is 


changed,  the  VHF  and  UHF  antennas  are  fixed- 
tuned,  and  are  capable  of  efficient  operation,  with 
low  VSWR,  over  a band  of  frequences.  Because  of 
the  wide  instantaneous  bandwidth,  the  antenna  also 
can  be  used  simultaneously  by  different  equipments 
tuned  to  different  frequences.  Dipiexers  and  hybrid 
devices  are  used  to  provide  isolation  between 
equipments  using  the  same  antenna. 

Radiation  patternb  of  the  antenna  indicate  where 
energy  is  being  radiated,  or,  conversely,  from  which 
direction  it  can  be  received.  Communication  and 
direction-finding  equipment  generally  requires  omni- 
directional radiation  in  the  azimuthal  plane,  with  the 
maximum  amount  on  the  horizon  in  the  vertical 
plane.  Navigational  equipment  requires  radiation  in 
specific  directions.  (Because  of  the  physical  geo- 
metry of  the  airframe,  truly  omnidirectional  patterns 
never  are  obtained.) 

The  airframe  directly  influences  the  radiation  by  its 
shadowing  and  re-radiation  effects.  The  airframe  can 
radiate  energy  coupled  to  it  at  frequencies  where  its 
dimensions  are  an  appreciate  part  of  a wavelength. 
At  higher  frequencies,  the  airframe  blocks  and  sha- 
dows radiation  in  certain  direction?. 

The  relative  positions  o!  the  antenna  and  the  rotor 
also  affect  the  radiation  patterns.  The  effect  of  the 
rotor  is  to  modulate  the  radiation  pattern  at  a fre- 
quency determined  by  the  number  of  blade  passages 
per  second  over  the  antenna  location.  The  carrier  fre- 
quency, along  with  each  sideband,  will  be  modulated 
by  this  frequency.  As  discussed  in  par.  8-1.4,  this 
modulation  interferes  with  the  performance  of  equip- 
ment that  makes  use  of  information  contained  in 
modulation  components  close  to  the  same  frequency. 
Rotor  passage  near  an  antenna  also  can  affect  the  im- 


From  empirical  data,  it  appears  that  an  antenna 
can  have  a peak-to-vallcy  variation  of  about  6 dB  and 
sharp  nulls  of  30  dB  without  experiencing  overall  de- 
gradation of  performance.  For  the  sake  of  economy 
and  practicality,  it  is  imperative  that  the  best  an- 
tenna possible  be  provided.  Mission  requirements 
wilt  determine  the  selection  and  use  of  radio  type(s) 
and  associated  antennas.  For  instance,  the  VOR 
pattern  is  optimum  in  a forward  direction,  while  tac- 
tical communications,  IFF,  and  other  primary  radio 
aids  should  be  as  omnidirectional  as  practicable. 

The  polarization  of  the  helicopter  antenna  must 
correspond  to  that  of  the  antenna  at  the  other  end  of 
the  communication  link.  This  requirement  does  not 
apply  to  HF  antennas  because  of  rotation  of  polari- 
zation by  the  ionosphere.  Cross-polarized  signals  can 
be  radiated  from  linear  antenna  elements  as  a result 
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of  reflections  and  current*  in  the  airframe.  The  croas- 
polarized  component  repreaent*  an  inefficiency  or  a 
power  lot*,  and  it  a consideration  when  aelectini  the 
antenna  location. 

, I The  effects  of  triboclcctric  (friction)  charging  in- 
fluence the  selection  of  antenna  location.  The  heli- 
copter airframe  and  nearby  antennas  are  cha  ged 
electrostatically  by  the  rotor  downwash,  and  voltages 
high  enough  to  produce  corona  can  result.  The  cor- 
ona will  occur  on  sharp  points,  or  on  points  of  high 
electrical  stress  concentration.  If  these  areas  are  on 
antennas,  01  are  electromagnet!  cally  coupled  to 
antennas,  the  broadband  noise  generated  by  the  cor- 
ona will  be  introduced  into  the  receiver. 

Antenna  location  must  insure  that  the  antennas  are 
decoupled  from  each  other;  this  is  practicable  for  an- 
tennas operating  in  the  same  frequency  range. 
Mutual  coupling  between  antennas  affects  their  im- 
pedance and  the  radiation  patterns  of  individual  ele- 
ments. High  voltages  can  be  introduced  in  passive  cir- 
cuits if  excessive  mutual  coupling  exists  between 
transmitting  and  receiving  antennas. 

Development  of  helicopter  antennas  depends  upon 
the  results  of  *ncdd  sj  cOwtsiRsd  in 

MIL-A-25730.  When  employed  with  discretion,  the 
use  of  scale  models  for  antenna  development  pro- 
vides the  ability  to  predict  the  suitability  ot  unsuit- 
ability of  an  antenna  location.  Usually,  the  model 
technique  is  used  on  large  prototype  aircraft  with  the 
model  scaled  down  to  l/20th  to  facilitate  manipu- 
lation. The  scale  factor  is  variable,  and  any  scale  fac- 
tor may  be  used  provided  that  the  resultant  fre- 
quencies (which  must  be  scaled  upward  by  the  same 
scale  factor)  are  easily  obtainable. 

Frequencies  in  the  gigahertz  region  are  not  easily 
scaled.  In  addition,  frequencies  in  the  HF  region 
often  are  not  scaled.  On  a 1 /20-scale  model  at  IS 
MHz,  for  example,  the  model  frequency  must  be  300 
MHz  and  these  two  frequencies  inherently  propa- 
gate diflcrcntly.  Theory  is  quite  logical  for  scale 
models,  but  care  must  be  taken  to  scale  every  detail 
affecting  antenna  performance.  For  example,  scaling 
wire  size  in  order  to  maintain  identical  current  dis- 
tributions must  be  considered.  The  model  must  be 
isolated  from  its  surroundings,  and  consideration 
must  be  given  to  ground  reflections  and  to  radiation 
from  connecting  cables. 

The  model  measurements  arc  made  in  the  scaled 
dimensions  and  for  orthogonal  polarization.  The 
radiation  patterns  arc  measured  over  the  scaled  fre- 
quency range  of  operation,  for  varying  positions  of 
the  rotor  and  for  different  antenna  locations.  The  op- 
timum location  of  the  antenna  with  respect  to  radia- 
tion patterns  will  result  from  these  measurement*. 


Measurement  of  impedance  and  mutual  im- 
pedance is  accomplished  moat  easily  on  the  heli- 
copter although  a full-scale  mock-up,  containing 
those  portions  of  the  helicopter  within  several  wave- 
lengths of  the  antenna,  gives  accurate  results.  AU 
model  measurements  must  be  verified  on  full-scale 
aircraft.  This  technique  is  analogous  to  aerodynamic 
model  testing  in  a wind  tunnel. 

The  present  range  requirement  for  VHF-FM  com- 
munication having  a 10-W  power  output  to  a non- 
matching  antenna  is  40  mi.  This  is  a reasonable  range 
when  tested  in  the  optimum  condition. 

When  an  antenna  is  to  be  used  over  a wide  frequen- 
cy range,  i.c.,  VHF-FM  30-76  MHz,  it  must  be 
broadband  if  efficient  operation  is  to  result.  If  the 
transmitter/receiver  mismatch  is  not  too  great, 
reasonable  efficiency  will  result.  VSW'R,  the  Voltage 
Standing  Wave  Ratio,  is  the  criterion  for  aooaptance 
of  antenna  matching;  it  is  determined  by  the  ratio  of 
forward  to  reflected  power.  The  Radio  Technical 
Commission  for  Aeronautics  (RTCA)  has  drown  a 
VSWR  of  3:1  as  an  applicable  standard.  However,  a 
more  stringent  ratio  is  required  in  many  cases.  Com- 
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o.  less.  TACAN  and  transponder  antennas  should 
have  a VSWR  of  2.3:1  or  leas.  VSWR  is  a complex 
ratio  of  incident  power  to  reflected  power  as  given  by 

Eq.  8-1. 


VSWR  a 5 


j + Reflected  Power 
Forward  Power 
j „ R«fl«twd  Power 
Forward  Power 


S-53  LOCATION  AND  INSTALLATION  OF 
ANTENNAS 

In  most  cases,  tho  vtral  types  of  antennas 
that  can  be  usod  for  any  given  item  of  communication 
or  navigational  equipment,  and  the  final  choice  is  de- 
pendent upon  the  requirements  of  the  specific  in- 
stallation. For  additional  information  governing  an- 
tenna installation  and  location,  see  MIL- STD-8 77. 

During  the  initial  design  phase,  incorporation  of 
system  zero-drag  or  flush-mounted  antennas  must  be 
considered.  It  is  extremely  important  to  submerge  the 
antennas,  not  oniy  for  increased  flight  efficiency,  but 
also  to  minimize  maintenance  problems. 

In  moi  t cases  space  limitations  prevent  the  location 
of  antennas  far  away  from  one  another. 
Specifications  usually  require  a three-eighths  wave- 
length separation,  but  this  y unrealistic;  therefore, 
separation  to  the  greatest  decree  possible  should  be 
made.  An  alternative  solution  is  the  multiusage  of  a 
single  antenna,  with  passive  devices  added  to  aid  in 
multiplexing.  An  excellent  example  of  this  usage  is  a 
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xprxjrag,  wide- bund  antenna  for  both  UHF  and 
VHF  freauenda.  With  the  auistance  of  a diplexer 
this  tingle,  simple  antenna  U used  to  receive  and 
tranamit  simultaneously  in  the  UHF  and  VHF  com- 
munication band*.  The  same  philosophy  could  be 
used  for  lower  frequency  VHF  (30-73)  and  ADF 
sente  antennas. 

W3.1  CemmkatlM  Antaaua 
CoasMeratioM 

Together  with  EMI/EMC  .considerations,  an- 
tennas pose  the  most  difficult  problem  for  the  heli- 
copter avionic  engineer.  A typical  helicopter  with 
standard  communication  antennas  is  shown  in  Fig.  8- 
3,  which  depict*  a simple,  operational  combat  scout 
or  observation  helicopter  (none  of  the  navigational 
antennas  are  shown). 

Antenna  functions  are  affected  by  antenna  loca- 
tion, and  the  hdicoptcr  in  Fig.  8-3  illustrates  typical 
psobhana.  For  example,  due  to  the  HF  antenna  lo- 
cation, a bard  landing  could  affect  operational 
characteristics.  This  antenna  also  is  beaten  by  the 
■uia  rotor  downwash,  and  breakage  could  cause  the 
atmans  u>  become  wrapped  up  ir.  the  tail  rotor.  In 
addition,  an  electrical  impedance  problem  results 
from  the  main  rotor  blades  passing  over  the  antenna 
and  causing  rotor  modulation.  The  VHF-FM  #1 
antenna,  used  for  tactical  communications,  is  in  the 
exhaust,  which  could  cause  physical  degradation,  and 
the  bulk  of  the  helicopter  is  forward  of  the  antenna, 
resulting  in  partial  antenna  shadowing.  The  VHF 
antenna,  shown  in  the  belly,  may  be  relatively  dear  of 
many  problems,  but  the  landing  gear  would  give  re- 
flective properties  and  consequent  nulls  in  the  an- 
tenna pattern.  The  UHF  antenna,  shown  forward 
and  above  the  cab  top.  is  vulnerable  to  triboelectric 
noise  and  to  rotor  modulation.  The  VHF-FM  |2 
antenna  is  in  front  of  the  aircraft  and  in  the  field  of 
view  of  the  flight  crew,  which  could  be  distracting.  It 
also  may  be  vulnerable  to  rotor  modulation  and 
triboelectric  noise. 


*a  uurwis 


Hgarv  8-3.  Typical  Coauwakadoc 
Aatssms  Layoat 


AMCF  706-202 

effects  of  rotor  modulation  can  be  controlled  ef- 
fectively by  installing  notch  filter  equipment  in  the 
primary  area  of  interest.  In  the  case  of  com- 
munication receivers,  band  stop  filter*  are  used  to  eli- 
minate unwanted  modulation  frequencies  in  the 
audio  band. 

8-5A2  Lew  Frequency  (LF) 

The  primary  use  of  the  low-frequency  spectrum  is 
for  automatic  direction-finding.  The  ADF  system 
uses  a loop  antenna  having  a figuro-of-light  radiation 
pattern,  plus  an  omnidirectional  whip  (sense)  an- 
tenna. The  sente  antenna  output  is  combined  with 
that  of  the  loop  antenna  to  produce  a cardioid 
pattern,  thereby  eliminating  the  directional  am- 
biguity of  the  loop.  The  location  of  the  loop  antenna 
is  restricted  by  two  considerations: 

1 . The  cable  between  the  loop  and  the  receiver  in- 
put is  part  of  the  receiver  input  circuitry  and  is  of 
fixed  length. 

2.  The  loop  must  be  located  in  a position  of  mini- 
mum pattern  distortion. 

The  magnetic  field  lines  that  induce  a current  in  the 
loop  are  distorted  by  the  airframe,  thereby  causing  an 
apparent  bearing  error.  Although  sms!!  errors  sen  be 
compensated  in  the  equipment,  the  design  engineer 
must  determine  the  best  location  for  each  in- 
stallation. The  sense  antenna  should  be  positioned  in 
an  aiea  of  minimum  electrical  field  distortion  to 
maintain  accurate  ADF  performance  as  the  heli- 
copter flies  over  or  near  the  ground  station  in  what  is 
called  the  “confusion"  zone.  The  size  of  the  con- 
fusion zone,  in  which  the  ADF  indication  can  vary  as 
much  as  180  deg,  depends  upon  the  characteristics  of 
the  sense  antenna  and  upon  maintaining  a minimum 
signal  input  level  to  the  receiver. 

F33J  High  Frequency  (HF) 

HF,  employed  for  long-range  communication,  uses 
wire  antennas.  The  wire  can  be  fixed  between  two 
points  on  the  helicopter,  or  a trailing  wire  can  be 
used.  The  use  of  antenna  couplers  it  required  with 
this  type  of  antenna,  A major  problem  with  wire  an- 
tennas is  the  possibility  that  they  will  become  tangled 
in  the  rotors. 

Radiation  patterns,  which,  ideally,  would  be  omni- 
directional, are  dependent  upon  location.  They  can 
be  shadowed  by  the  airframe,  which  itself  can  radiate 
and  cause  distortion.  The  wire  antenna  usually  will 
have  nulls  at  its  end  directions.  The  antenna  wire  is 
coated  with  polyethylene  in  order  to  prevent  corona, 
and  the  supports  must  be  designed  to  withstand 
transmitting  level  voltage*. 

LORAN  also  utilizes  the  wire  antenna.  Corona 
and  voltage  breakdowns  are  not  problems,  but  omni- 
directional coverage  still  is  a requirement. 
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S-5.3.4  Very  High  Frtqaracy  <VHF) 

The  marker  beicon  receiver  operates  at  75  MHz. 
The  antenna  radiation  pattern  must  be  downward- 
looking,  and  must  be  polarized  parallel  to  the  axis  of 
the  helicopter.  There  are  several  antennas  that  will 
meet  the  radiation  requirements.  One  is  a balanced 
antenna  mounted  under  the  airframe.  Other  suitable 
designs  arc  loaded  half  loops  and  flush-mounted 
cavity  elements  mounted  in  the  same  location. 

The  glidescope  receiver  operates  in  the  frequency 
range  of  329-333  MHz.  The  glidescope  antenna  must 
be  designed  for  reception  of  horizontal  polarized 
signals  with  minimum  reception  of  vertically 
polarized  signals.  The  antenna  must  be  located  for- 
ward on  the  aircraft  for  proper  glideslopc  reception. 

The  VOR  operates  in  the  frequency  range  of  1 12- 
118  MHz  and  requires  a horizontally  polarized, 
omnidirectional  antenna.  The  ILS  receiver  operates 
in  the  frequency  range  of  108-1 12  MHz  and  uses  the 
same  antenna  as  does  the  VOR.  The  location  of  the 
VOR  antenna  is  critical  due  to  rotor  modulation  ef- 
fects. The  VOR  determines  the  phase  difference 
between  two  received  signals  modulated  with  30  Hz, 
which  is  about  the  third  harmonic  of  rotor-induced 
modulation;  if  interference  is  too  great,  the  VOR  is 
inoperable.  A loop  mounted  on  the  underside  of  the 
airframe  and  configured  with  a vertical  axis  is 
suitable  for  the  VOR  antenna.  Location  of  any  an- 
tenna on  the  underside  can  result  in  airframe  shadow- 
ing in  some  direction.  The  ram’s  horn  (a  modified 
dipole),  stacked  dipoles,  folded  dipoles,  and  flush- 
mounted  cavities  also  all  are  suitable  designs. 

Communication  equipment  operates  in  the 
frequency  ranges  of  30-76  MHz  and  118-150  MHz. 
Some  form  of  monopole  is  used  most  often  for  com- 
munication. The  position  of  these  antennas  is  de- 
termined by  the  necessity  of  obtaining  omni- 
directional radiation  patterns.  The  antennas  must  be 
designed  to  prevent  corona  discharge,  and  should  be 
decoupled  from  triboelcctric  discharges  that  would 
introduce  noise  into  the  receiver.  The  difficulty  of  ob- 


taining omnidirectional  coverage  sometimes  can  be 
overcome  by  using  two  antennas.  If  the  radiation 
patterns  of  the  two  antennas  are  complementary  and 
the  antennas  arc;  isolated  from  each  other,  they  can  be 
driven  in  parallel  with  appropriate  impedence 
matching. 

S-S.3.5  Ultra  High  Freqaaacy  (UHF)  / 

UHF  communications  operate  in  the  frequency 
range  of  225-400  MHz.  Monopole-derived  con- 
figurations are  used  as  both  UHF  and  flush-mounted 
types,  such  as  the  annular  slot.  The  general  require- 
ments for  VHF  location  and  installation  pertain  to 
UHF  as  well. 

8-5J.6  Special  Pfepoae 

There  are  other  types  of  equipment  that  require  an- 
tennas, but  these  are  limited  in  use.  The  con- 
siderations for  location  and  installation  of  these  an- 
tennas depend  upon  individual  system  requirements. 
Doppler  radar  antennas,  for  example,  always  are 
mounted  flat  in  the  bottom  of  the  aircraft.  In  general, 
the  same  restrictions  discussed  heretofore  apply  to  all 
types  of  antennas. 
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CHAPTER  9 

HYDRAULIC  AND  PNEUMATIC  SUBSYSTEMS  DESIGN 


9-0  LIST  OF  SYMBOLS 

g m acceleration  due  to  gravity,  ft/sec' 

H - true  pressure  altitude,  ft 
Hm  “ measured  pressure  altitude,  ft 
dH/dt  « change  in  pressure  altitude  with  time  at 
standard  sea  level  conditions,  ft/sec 
A H ■ height  difference,  ft 

A H(  - altimeter  position  error  correction,  ft 
P * static  pressure,  psi 

Pm  ™ measured  static  pressure,  psi 

P,  ■ total  pressure,  psi 

P,m  - measured  pitot  pressure,  psi 

A P m pressure  difference,  psi 

p ■ true  atmospheric  pressure,  psi 
qc  ■ true  impact  pressure,  psi 

gCm  - measure  impact  pressure,  psi 

V m true  airspeed,  mph 

K - calibrated  airspeed,  ki 

KM  " measured  calibrated  airspeed,  kt 

A » airspeed  position  error  correction,  kt 

■ density  at  standard  sea  level  conditions, 
slug/ft' 

9-1  INTRODUCTION 

Chapter  9.  AMC?  706-201,  describes  the  many 
design  trade-offs  nccessiry  in  the  final  selection  of 
secondary  power  subsystems.  This  chapter  deals  with 

rlefoil  rlMtnr  s\F  tk«  ktirlreiiKo  n *4  ah#ii <m irtm  rnk. 
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systems. 

Hydraulic  applications  primarily  include  flight 
control  and  utility  functions.  Flight  control  func- 
tions include  servo  control  of  cyclic  pitch,  collective 
pitch,  and  directional  surfaces.  Utility  functions  may 
include  part  or  all  of  the  following: 

1.  Personnel/cargo  hoists 

2.  Cargo  hooks 

3.  Loading  ramps 

4.  Doors 

5.  Landing  gear 

6.  Gun  turrets  and  drives 

7.  Rotor  braking 

8.  Wheel  braking  and  steering 

9.  Engine  starting 

10.  Fluid  dampers. 

Pneumatic  applications,  while  not  as  widely  used  in 
helicopters  as  arc  hydraulics,  may  include  such  func- 


tions as  engine  starting,  auxiliary  utility  systems,  and 
emergency  backups.  Pneumatic  power  also  may  be 
used  for  auxiliary  power  unit  (APU)  starting. 

9 2 HYDRAULIC  SUBSYSTEMS 

9-2.1  FLIGHT  CONTROL  POWER  SYSTEMS 

Helicopter  flight  control  systems  may  vary  in  com- 
plexity from  the  relatively  simple  power  boost  system 
with  manual  reversion  to  nsuitiredundant  systems 
where  each  system  is  designed  to  provide  the  full 
power  required  to  operate  tne  flight  control  func- 
tions throughout  the  vehicle  performance  envelope. 
The  n.ultiredupdant  system  is  discussed  in  this 
chaplet  because  it  contains  the  basic  elements  of  all 
types  of  systems.  This  typr  system  shall  be  employed 
unless  the  aircraft  can  be  controlled  without  boost.  A 

c/*Riimotio  rtf  n ftoVi’dl  ivntrol  lisrrlro  I »!»/'  ic 
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presented  in  Fig.  9-1.  The  system  shown  contains  its 
own  fluid  power  generation,  fluid  transmission,  and 
fluid  supply  components. 

9-2. 1.1  Central  Hydraulic  System 
Hydraulic  power  is  generated  by  variable-dis- 
placement pumps  that  ate  compensated  for  a 
nominal  system  design  pressure.  Fluid  may  be 
supplied  to  the  pumps  from  gu-pressurieed  cr  boot- 
strap reservoirs.  The  pumps  are  driven  by  an 
accessory  gearbox,  which,  in  turn,  is  driven  by  the 
transmission  when  the  roioi(s)  is  timing  and  by  an 


Figure  9-1.  Central  Hydraulic  System 
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APU  during  ground  checkout.  Central  system  com- 
ponents include: 

1.  System  manifold,  a package  containing  system 
filters,  pressure  transmitters  (with  associated  snubber 
and  fuse),  system  relief  valves,  ground  test  connec- 
tions, and  return  line  check  valves 

2.  System  accumulator,  a gss  -echarged,  piston 
unit  with  associated  servicing  valve  and  pressure  gage 

3.  System  reservoir,  including  return  and  pump 
suction  line  Fittings,  bleed  and  fill  provisions,  over- 
board vent,  and  level  indicator.  The  reservoir  also  in- 
corporates reservoir  level-sensing,  with  associated 
subsystem  isolation  valves. 

9-2.1. 2 Flight  Control  Subsystems 

A typical  flight  control  subsystem  consists  of  (I)  a 
boost-actuating  system,  (2)  a stability  augmentation 
system  (SAS),  and  (3)  a stick  boost  hydraulic  system. 
The  pilot’s  control  movements,  transmitted  through 
a system  of  bell  cranks,  rods,  and  levers,  are  mixed  to 
provide  the  correct  lateral,  cyclic,  and  pitch  motions 
through  hydraulically  powered  actuators  as  shown  in 
Fig.  9-2.  If  dual  actuators  are  used,  each  half  of  the 
actuator  is  powered  by  a separate  system. 

A typical  duJ  reversed  SA3  in  i^ustrated  in  F.g.  9- 
j.  The  SAS  actuator  inputs  to  the  boost  actuators 
affect  the  movement  of  the  rotor  blades  without  feed- 
back forces  to  the  pilot  controls.  The  SAS  actuators 
must  be  capable  of  being  engaged  or  disengaged  by 
the  pilot,  and  musi  incorporate  an  automatic  lockout 
feature  that  operates  in  the  event  of  hydraulic  power 
failure. 


Figure  9-2.  Dwl  System  Hyd-salk-powered 
Flight  Control  Actuators 
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The  stick  boost  system  provides  the  pilot  with  low- 
force  stick  movement  capability.  As  shown  in  Fig.  9- 
4,  an  actuator  is  provided  in  each  axis  to  overcome 
friction  and  inertia  loads.  Thoe  actuators  function  to 
react  inputs  from  the  SAS  so  that  they  cannot  be  felt 
through  the  pilot  controls. 

9-2.2  UTILITY  HYDRAULIC  SYSTEMS 

The  utility  system  may  be  powered  in  essentially 
the  came  manner  as  is  the  flight  control  system,  using 
accessory  gearbox-dr*-in  pumps  when  the  rotor  is 
turning  or  the  APU  for  ground  operation.  The  cen- 
tral portion  of  the  system  will  contain  basically  the 
same  components  as  does  the  Right  control  system,  if 
system  demand  during  peak  load  phases  it  relatively 
high,  additional  pumps  in  parallel  may  he  necessary. 
To  minimize  the  weight  and  size  of  subsystem  circuits 
that  do  not  have  high  pressure  and  flow  require- 
ments, pressure  reducers  should  be  considered. 

9-2 .2.1  EngiM-slartiitg  Subsystems 

There  are  two  basic  types  of  hydraulic  engine- 
starting systems.  One  uses  a limited  amount  of  stored 
energy  that  is  available  in  an  accumulator,  while  the 
other  considers  the  ruuuiiuu’  power  output  available 
from  an  auxiliary  power  supply. 

Because  energy  is  limited  in  t[ic  first  type  of  system, 
the  design  goal  is  to  complete  the  start  in  the  shortest 
possible  time.  As  shown  in  Fig.  9-5,  engine  starting  is 
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Flgwri  9-4.  Dual-powered  Stick  leant 
Hydraulic  System 


Figuo  9-3.  Dual-powered  Stability 
Augmtatatkm  System 
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Accomplished  by  releasing  stored  energy  from  a 
charged  accumulator.  This  energy  diives  a positive- 
displacement  starter  mounted  on  the  engine.  The 
sutler  may  consist  of  a simple  fixed-displacement 
motor,  and  is  sized  so  that  no  special  controls  are 
needed.  Weight  can  be  minimized  by  using  the 
highest  pressure  and  largest  displacement  acceptable 
to  the  motor.  These  two  factors  are  limited  by  the 
torque  capacity  of  the  mounting  pad  and  the  fuel 
control  acceleration  capabilities  of  the  engine.  This 
tvpe  of  sUrting  system  it  most  appropriate  for  stall- 
ing small  engines  (SO- ISO  hp),  where  the  accumu- 
lator size  and  charging  lime  are  not  excessive. 

The  power-limited  type  of  starter  usually  consists 
of  a self  sufficient  system  that  uses  a small  turbine 
engine  as  an  APU  (Fig.  9-<S).  Hydraulic  fluid  is  stored 
in  an  accumulator  that  has  been  pressurized  cither  by 
hand  pump  or  by  a previous  operation  of  the  hy- 
draulic system.  The  pressure  released  by  energizing  a 
solenoid-operated  sutler  valve  drives  a fixed-dis- 
placement starter  pump,  which  acts  as  a motor  to 
aUrt  the  APU.  When  the  APU  starts,  the  starter 
pump  converts  to  a pumping  mode  so  as  to  drive  the 
main  engine  starter.  This  starter  senses  the  proper 
flow  or  pressure,  and  its  displacement  is  varied  auto- 

wati^ajjy  in  it  (a  £C€£$£f£t£  to  idle  !pCtd. 

The  power  limit  of  the  APU  is  not  exceeded  because 
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Figure  9-7.  APU  Starting  System 


of  this  variable-displacement  feature.  In  power- 
limited  APU  systems,  the  starter/pump  is  sized  for 
the  maximum  output  capability  of  the  auxiliary 
engine  because  the  starting  requirements  are  lower 
than  are  the  pumping  requirements. 

The  system  shown  in  Fig.  9-7  uses  an  energy 
limited,  dual  purpose,  starter-pump  system  on  the 
APU,  and  a power-limited,  variable-displacement 
starter  on  the  main  engine.  As  the  APU  is  started,  the 
starter/pump  drives  a fixed-displacement  motor 
mounted  on  the  accessory  gearbox.  The  gearbox 
motor  drives  all  accessories,  including  the  utility 
pumpfs),  which  in  turn  provides  the  power  to  drive 
the  main  engine  starters.  After  the  start  cycle  is  com- 
pleted, the  main  engine  drives  the  accessory  gearbox. 
An  added  advantage  of  using  an  APU  starting  system 
is  that  it  can  be  operated  to  provide  power  for  ground 
checkout. 

9-2. 2. 2 Cargo  Door  and  Ramp  System 

Cargo  and/or  troop  carrying  helicopters  normally 
will  incorporate  some  type  of  cargo  door  and  ramp 
system.  The  system  shown  in  Fig.  9-8  is  actuated  by 
two  direct-acting  hydraulic  cylinders.  It  is  important 
to  note  that  the  actuators  arc  self-locking  in  the 
retracted  position.  The  manual  control  valve  shs!!  be 
located  conveniently  near  or  adjacent  to  the  ramp. 
Actuation  of  the  control  valve  directs  pressure  to 
release  the  actuator  locks,  and  the  ramp  then  is  pulled 
down  by  the  force  of  gravity.  This  is  an  important 
feature  because  the  actuators  may  be  unlocked  via 
hand-pump  pressure  when  utility  system  pressure  is 
not  available,  allowing  the  ramp  and  door  to  free-fall 
open  as  an  emergency  measure. 
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in  normal  operation,  initial  movement  of  the  r?mp 
actuates  a sequence  valve  that  permits  flow  to  a 
constant-displacement  motor.  The  motor  may  be 
mounted  inside  the  ramp,  and  connected  to  the  cargo 
door  by  an  endless  chain,  so  that  it  can  be  retracted 
into  the  ramp  structure.  The  sequence  valve  blocks 
downstroke  flow  from  the  ramp  actuators  until  the 
door  is  completely  redacted.  When  the  door  is 
positioned  pro.  trly,  a hydromechanical  stop  halts 
flow  through  the  motor.  Decay  of  rotor  back 
pressure  opens  the  sequence  valve,  allowing  the  jacnp 
actuator  to  bottom  out  fully  or  to  travel  to  the  point 
where  the  rairp  touches  the  ground.  Closing  of  the 
ramp  is  essentially  the  samt  but  in  the  reverse  order. 

9-2.2 J Cargo  and  PcroecHM*  Hoist 
A utility  hoist  can  be  provided  for  loading  and  un 
loading  cargo  and  for  rescue  operations.  The  hoist,  as 
shown  in  Fig.  9-9,  is  powered  by  a hydraulic  motor. 
The  motor  requirements  are  established  so  as  to  pro- 
vide a particular  hoist  weight  capacity  and  maximum 
reci-in  speed.  The  speed  can  be  made  infinitely  vari- 
able within  the  rated  speed  range  by  means  of  a hy- 
draulic servo  val  /e.  The  servo  valve  control  signal  is 
generated  by  a potentiometer  incorporated  into  a 
control  knob  in  the  cockpit  or  the  hoist  operating  sta- 
tion. For  the  hoisting  operation,  pressure  is  directed 
to  the  “in"  port  of  the  motor.  For  extending  the 
hoist,  a pressure  reducer  should  oc  used  to  provide 
the  relatively  lower  motor  torque  needed  for  cable 
extension.  A flow  regulator  incorporated  into  the 
retuin  line,  downstream  of  the  control  valve, 
regulates  flow  in  both  directions.  Limit  switches  can 


Figure  9-9.  Cargo  usd  Poimti  Huai 
(Coast nut  Pxwrt)  Syst-tsi 


b.  provided  to  stop  the  hoist  motor  at  the  full  rod-in 
and  full  reel-out  positions.  / hydraulically  released, 
spring-loaded,  “on”  brake  can  be  provided  for  fail- 
safe operation  of  the  rescue  hoist.  Provisions  should 
be  incorporated  to  stop  the  motor  as  the  hook  passes 
through  the  cargo-rescue  hatch  in  order  to  prevent 
whipping  of  the  cable.  In  addition,  a device  can  be  in- 
corporated to  keep  the  cable  under  tension  under  no- 
load  conditions. 


9-2.1.4  Rotor  Brake 

The  rotor  brake  shall  be  capable  of  stopping  the 
rotor  within  a preselected  time  period  for  a specific 
range  of  rotor  speeds  following  engine  shutdown,  and 
the  brake  shall  be  capable  of  holding  the  rotor  sta- 
tionary when  lull  ground  idle  engine  torque  is 
applied.  As  shown  in  Fig.  9-10.  the  brake  may  be 
applied  by  a solenoid-energized  valve  that  directs 
pressure  to  the  rotor  brake.  A precharged  accumu- 
lator provides  a steady  hydraulic  pressure  for  braking 
when  the  main  system  is  depressurized.  A pressure 
switch  should  be  incorporated  in  order  to  provide  a 
cockpit  warning  light  indication  when  the  t ake  is 
on.  To  release  the  brake,  the  solenoid  valve  ir  de- 
energized to  the  off  position,  allowing  the  brake 
pressure  to  bleed  off  to  the  return  system.  Springs 
may  be  used  in  the  brake  assembly  so  as  to  overcome 
the  return  system  back  pressure  in  order  to  allow 
separation  of  the  pucks  from  the  rotor  disks.  The 
rotor  brake  shall  be  designed  to  be  fail-safe.  For  suiali 
helicopters  a simple  rotor  brake  system  may  be  salis- 
facloiy. 
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*-22*  Wheel  Brakes 

Hydraulically  powered  wheel  brakes  shall  be 
designed  in  accordance  with  MIL-P-8585.  The  circuit 
shown  in  Fig.  9-1 1 represents  a braking  system  with 
differential  control.  Each  brake  pedal  provides  a 
direct  input  to  a master  brake  cylindt  . Hydraulic 
pressure  may  be  reduced  as  necessary  for  brake 
operation.  Parking  brake  capability  also  should  be 
incorporated  A warning  indicator  shall  be  provided 
to  signify  when  the  parking  biakes  are  “ON”. 

9-13  HYDRAULIC  SYSTEM  RELIABILITY 
Good  hydraulic  system  reliability  can  be  obtained 
best  by  recognizing  the  probable  weik  links  during 
the  initial  design.  Because  the  system  must  be 
designed  within  the  constraints  of  weight  and  cost, 
and  must  meet  appropriate  Military  Specifications, 
reliability  aspects  of  the  design  must  be  optimized. 

9-2 J.  I Flight  f«Mnl  Redundancy 
The  most  critical  hydraulic  failures  arc  those  that 
ultimately  cause  loss  of  the  capability  to  operate  the 
primary  flight  controls.  MIL-H-5440  requires  that, 
whenever  hydraulic  power  is  used  for  the  primary 
) flight  controls,  a completely  separate  system  shall  be 
provided  for  that  purpose.  Further,  it  is  required  that 
if  direct  mechanical  control  is  not  sufficient  to  allow 
controllability  as  defined  in  MIL-F-8785  in  event  of  a 
hydraulic  failure,  an  emergency  power  source  shall  be 
provided  in  order  to  supply  the  necessary  con- 
trollability. 

As  a meant  of  meeting  the  redundancy  require- 
ments, several  design  techniques  may  be  considered: 

I.  A sit  gle  primary  flight  control  system  with  me- 
chanical reversion.  This  method  is  simple  and 
(datively  lightweight,  and  can  be  used  if  operating 
loads  are  .mm  above  pilot  and/or  structural  cap- 
abilities. 


Flgara  *41.  Wharf  Brake  System 


2.  A single  primary  flight  control  system  with  inte- 
grated, electrically  powered  hydraulic  backup.  The 
survivability  characteristics  of  this  design  are  good 
but  may  result  in  a heavier  and  costly  installation.  It 
also  may  present  heat  rejection  problems. 

3.  Dual  flight  controls.  This  may  be  the  best  ap- 
proach if  high  power  must  be  delivered  to  the  flight 
control  actuators.  Dual  or  tandem  actuators  can  be 
used  to  enhance  reliability  further.  However,  this 
type  of  system  involves  more  weight,  more  compo- 
nents, and,  therefore,  higher  cost  than  other  ap- 
proaches. 

4.  A single  flight  control  system  with  active  utility 
system  backup.  This  is  an  approach  which  should  be 
considered  if  the  utility  system  can  supply  power  suf- 
ficient for  the  normal  utility  functions,  as  well  as  ap- 
proximately two-thirds  of  the  hinge  moment  required 
for  the  flight  control  functions.  Use  of  priority  valves 
in  the  utility  system  should  be  considered  in  order  to 
insure  that  priority  is  given  to  the  flight  controls  in 
the  event  of  loss  of  the  independent  flight  control  hy- 
draulic system. 

9-2*2  Utility  System  Redundancy 

In  general,  utility  functions  ere  not  critical  in- 
dividually to  the  control  of  the  helicopter;  therefore, 
total  system  redundancy  need  not  be  considered. 
However,  specific  functions  within  the  utility  system 
may  be  critical  during  emergency  conditions.  If  so, 
emergency  or  alternate  modes  of  operation  should  be 
considered.  Usually,  the  least  reliable  component 
within  the  system  is  the  hydraulic  pump,  due  to  its 
relative  complexity,  high  operating  loads,  and  con- 
tinuous operation.  The  use  of  two  utility  system 
pumps  can  provide  add  tional  reliability.  Each  pump 
can  be  sized  to  provid  one-half  of  the  maximum 
system  power  demand,  thereby  providing  a good 
weight  and  cost  trade-off  in  comparison  with  a single, 
large  system  pump.  If  one  of  the  two  pumps  fails, 
system  performance  is  reduced,  but  only  the  failure  of 
both  pumps  can  cause  tout  system  loss. 

WJJ  MIsctRaracsw.  RrfiaUlily  Aspects 

The  key  to  high  system  reliability  is  reduction  of 
the  effect*  of  single-point  failures  or  elimination  of 
their  cause.  Major  types  of  recurring  failures  are: 

1.  Externa!  component  leaks,  causing  loss  of 
system  fluid 

2.  Leakage  of  precharged  accumulator  gas  into  the 
hydraulic  fluid,  causing  pump  cavitation  or  dumping 
of  fluid  overboard. 

The  effects  o'  component  leakage  can  be  alle- 
viated significantly  by  use  of  a leakage  isolation 
device  in  each  flight  control  system  branch  circuit. 
The  various  types  of  such  devices  arc  discussed  in 
par  9-4.5  4,  AMCP  704-201. 
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Lost  of  systems  due  to  accumulator  precharge  gas 
leakage  can  be  reduced  to  a great  extent  by  elimi- 
nating the  need  for  a main  system  accumulator.  One 
method  is  to  design  a system  relief  valve  having  the 
response  capability  necessary  to  dump  high-prtssurc 
fluid  to  the  low-pressure  return  side  of  the  system 
quickly  enough  to  reduce  the  amplitude  of  pressure 
spikes. 

If  a variable-delivery,  pressure-compensated  pump 
is  used,  pressure  surges  can  be  reduced  by  designing 
the  pump  with  a derivative  compensator.  The  com- 
pensator anticipates  pressure  surges  by  sensing  the 
rate  of  rescure  rise,  and  thus  acts  to  reduce  the 
magnitude  of  that  rise  before  it  reaches  a critical 
value. 

The  design  approaches  discussed  in  this  paragraph 
represent  the  latest  state-of-the-art  developments 
and,  therefore,  may  not  prove  to  be  the  best  methods. 
However,  their  considered  usage  could  be  worth- 
while in  increasing  system  reliability. 

*-2.4  HYDRAULIC  SYSTEM  STRENGTH  CON- 
SIDERATIONS 

Hydraulic  system  components  and  attaching 
linkages  shall  be  designed  so  as  to  meet  the  most  cri- 
tical loads  or  combination  of  loads.  Load  factors  or 
design  factors  shall  be  established  for  systems  in 
order  to  insure  adequate  safety  and  life  of  the  com- 
ponents. Where  applicable,  load  factors  must  comply 
with  Military  Specification  requirements.  When  no 
Military  Specification  requirement  exists,  these  fac- 
tors must  be  determined  aid  assigned  in  accordance 
with  good  design  practice.  The  following  basic  cri- 
teria shall  be  considered  in  establishing  these  factors: 

i The  structure  must  not  suffer  fatigue  wht.,  sub- 
jected to  normal  working  loads.  The  unit  stress  under 
normal  working  loads  must  be  limited  so  as  not  to 
exceed  the  fatigue  strength  of  the  material,  under 
repeated  loading,  for  the  anticipated  life  of  the  sti . 
Sure,  with  sirens  concentration  factors  taken  into  con- 
sideration. 

2.  The  structure  must  not  yield  when  subjected  to 
maximum  expected  loads.  The  unit  stress  st  the  limit 
load  must  not  exceed  the  yield  strength  of  the 
material.  It  should  be  recognised  that  test  loads  may 
he  imposed  upon  the  structure  that  may  exceed  the 
maximum  limit  load  encountered  after  installation. 
No  part  of  the  structure  should  taka  any  permanent 
set  or  experience  sny  damage  when  subjtKUj  to 
applicable  test  loads. 

3 The  structure  must  not  fail  at  the  ultimate  load. 
Where  applicable,  ultimate  strength  of  material 
should  be  determined  by  bending  or  torsional 
modulus  of  rupture. 
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4.  Deflection  of  components  must  not  cause  mal- 
function. Deflection,  rather  than  strength,  is  often  the 
major  criterion  for  design  of  hydraulic  system  com- 
ponents and  associated  structural  elements.  When 
this  is  the  situation,  the  design  shall  be  based  upon 
limit  loads  rather  than  ultimate  loads. 

3.  Temperature  variations  must  not  cause  mal- 
functioning or  excessive  stress.  Consideration  must 
be  given  to  expected  temperature  variations  to  that 
no  binding,  sticking,  or  malfunctioning  of  compo- 
nents will  result.  Internal  stresses,  such  as  those 
resulting  from  the  use  of  dissimilar  materials  in  com- 
bination, sliould  not  exceed  allowable  stresses  und 
the  most  adverse  temperature  conditions.  Where 
components  are  expected  to  operate  at  extremely 
high  temperatures,  allowable  unit  stresses  may  be 
reduced. 

Hydraulic  system  design  pressures  (operating, 
proof  test,  and  buret)  shall  be  determined  in  accor- 
dance with  Table  I of  MIL-H-3440.  The  design 
should  be  based  upon  the  most  critical  condition.  In 
addition,  MIL-H-3440  inquires  that  all  hydraulic 
systems  and  components  that  are  subjected,  during 
operation  Ol  the  aircraft,  io  structural  or  outer  roads 
not  of  hydraulic  origin  shall  withstand  such  loads 
when  they  are  applied  simultaneously  with  appro- 
priate proof  piessurc  as  specified  in  Table  I,  without 
exceeding  the  yield  point  at  the  maximum  operating 
temperature.  MIL-H-3440  also  requires  that  actu- 
ating cylinders  and  other  components,  and  their  at- 
taching lines  and  fittings,  if  subject  to  accelerated 
loads,  shall  be  designed  and  tested  on  the  basis  of  a 
pressure  equal  to  the  maximum  pressure  that  will  be 
developed,  without  exceeding  the  yield  point  at  the 
maximum  operating  temperature. 

W3L5  HYDRAULIC  SYSTEM  TEMPERATURE 
CONSIDERATIONS 

Hydraulic  fluid  selection  criteria  include  the 
expected  range  of  operating  temperatures,  time  at 
extreme  temperatures  compared  to  available  meant 
of  temperature  control,  and  fluid  physical  properties 
at  expected  temperature  levels.  When;  ambient  and 
structural  temperatures  are  above  the  hydraulic  fluid 
flash  and/or  fire  points  in  s compartment,  the  po- 
tential fire  hazard  must  be  considered.  Fluid  stability 
is  affected  by  thermal  stress,  which  can  result  in 
changes,  in  viscosity  end  formation  of  volatile  com- 
ponents, insoluble  materiaL,  and  corrosive  deposits. 

Hydraulic  system  efficiencies  are  reducsd  by  ?Hgh 
fluid  viscosity  at  lower  temperatures,  which  results  in 
inlet  problems  with  pumps,  sluggish  response  of  criti- 
cal Actuators,  power  Iocs  in  transmission,  and  weigh) 
penalties  due  to  lieu.  sire.  At  high  temperatures,  low 


fluid  viscosity  can  cause  internal  leakage  and  slippage 
in  pumps,  actuators,  and  valves.  Compressibility  of  a 
fluid  increases  with  pressure  and  temperature,  and 
the  resultant  loss  of  volume  output  of  pumps  is  a 
significant  design  consideration.  In  control  systems, 
compression  of  fluid  provides  a mass-spring  condi- 
tion that  can  limit  system  response.  Successful  opera- 
tion of  the  hydraulic  system  throughout  the  design 
temperature  range  depends  upon  the  interaction  of 
the  hydraulic  fluid  with  all  other  components  of  the 
system. 

The  designer  shall  consider  the  temperature  distri- 
bution within  the  helicopter  in  order  to  achieve 
judicious  placement  of  hydraulic  system  plumbing 
and  components  in  the  cooler  regions.  However,  it 
may  be  necessary  to  locate  portions  of  the  hydraulic 
system  in  high-tetnperaiure  regions  of  the  airframe. 
Radiation  shielding  and  proper  ducting  for  air 
cooling  may  be  necessary  for  such  equipment.  The 
design  of  actuators  located  in  extreme-temperature 
areas  should  be  such  as  to  provide  for  continuous 
exchange  of  fluid  to  assist  in  controlling  tempera- 
ture. This  may  be  accomplished  by  controlled  inter- 
nal leakage,  which  likely  will  be  inherent  in  flight 
control  actuators,  but  special  consideration  also  must 
be  given  to  utility  actuators,  which  may  be  subjected 
to  extreme  t henna!  environments  for  extended 
periods  of  time  when  in  a static  or  nonoperxting  con- 
dition. 

Although  intermittent-actuating  systems  must  he 
designed  to  operate  with  cold  hydraulic  fluid, 
continuous-powet-transmission  systems  will  p^ach 
their  normal  operating  temperatures  rapidly  regard- 
less of  original  ambient  temperature.  Hrat  ex- 
changer and  viscosity  considerations  favor  use  of  the 
highest  operating  temperatures  that  are  possible 
without  encountering  fluid  breakdown  and  excessive 
wear  of  moving  parts.  For  MU.-H-83282  fluid,  the 
normal  upper  limit  it  275*F  maximum  (Class  II 
system).  However,  high-temperature  design  tends  to 
impose  a cost  penalty  due  to  the  attendant  require- 
ment for  special  materials,  along  with  a reduction  in 
system  life  bccautc  of  the  reduced  lubricating  prop- 
erties of  the  fluid.  In  many  applications,  normal  heat 
Isaacs  from  lines  and  components  are  adequate  to 
maintain  hydraulic  system  temperatures  within 
design  limits;  thus,  use  of  heat  exchangers  is  un- 
necessary. 

For  analytical  purposes,  the  assumption  of  uni- 
form temperature  throughout  a hydraulic  circuit 
usually  is  quite  accurate.  When  a pressure  drop  oc- 
curs without  external  work  resulting  — i.e.,  losses 
through  orifices  and  tubing  — the  hydraulic  fluid 
temperature  rise*  by  7*F  per  IOQO  pci  drop  for  each 


circuit.  However,  this  rise  normally  it  dissipated  as 
the  fluid  passes  through  the  system. 

9»2.b  HYDRAULIC  SYSTEM  DESIGN 

Hydraulic  system  design  begins  with  an  evaluation 
of  the  system  as  it  evolved  in  the  preliminary  design 
phase.  The  production  configuration  requirements 
are  compared  with  the  preliminary  design,  and  the 
necessary  changes  arc  incorporated.  In  addition,  a 
final  examination  of  the  system  shall  be  made  in 
order  to  ascertain  not  only  that  it  meets  the  procure- 
ment specification,  but  that  it  is  optimum  with  regard 
to  weight,  cost,  and  performance.  MIL-H-3440  and 
its  associated  specifications  will  be  p^rt  of  the  pro- 
curement specification. 

The  subsequent  discussion  covers  the  major  system 
design  areas,  including  number  and  type  of  systems, 
operating  pressure  selection,  fluid  media  selection, 
filtration,  fittings,  power  levels  and  transmission  ! 

system  optimization,  and  heat  rejection  require-  j 

menu,  Z he  starting  system  is  discussed,  as  are  system  : 
analysis,  including  failure  mode  and  effect  analysis  | 
(FMEA),  and  reports  required  for  meeting  the  heli-  J 
upiti  piuCiifciiicfit  specifications. 

The  component  selection  and  design  requirements  j - 
also  are  discussed,  as  arc  system  installation  design  | 
and  areas  of  good  design  practice  with  general  ; 
application  to  components  or  installation. 

The  hydraulic  system  is  influenced  by  the  size  and 
complexity  of  the  helicopter  ar.d  by  the  procurement 
specifications.  Following  is  a discussion  of  the  critical  ; 

elements  of  hydraulic  system  design. 

9-2, fc.  I Survivability.  Reliability,  aatf  Safety  Trade- 
off* 

The  problems  of  designing  for  combat  surviva-  AS 
biiity  and  for  system  reliability  are  similar.  Redun- 
dancy of  systems  and  components  may  be  required  in 
either  case.  For  suivivability.  the  requirement  may  be 
a tolerance  of  two  hits  anywhere  in  the  flight  control 
system  without  loss  of  the  capability  of  returning  / 
safely  to  base.  The  elimination  or  reduction  of  the 
possibility  of  hydraulic  system  fires  associated  with 
incendiaries  also  may  be  a requirement.  Reliability 
aspects  involve  losses  due  to  equipment  failures.  The 
loss  requirement  may  be  Mated  in  terms  of  “no  more 
than  h"  losses  per  |0),000  noncombat  missions.  The 
component  and/or  subsystem  reliability  require- 
ments may  be  stated  as  mean  time  between  failures 
(MTBF),  which  must  be  demonstrated  by  analysis, 
test,  and  service. 

Trade-ofT/ optimization  studies  are  required  in 
order  to  establish  the  basic  system  configurations 
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that  will  meet  the  previously  mentioned  gods.  The  al- 
ternatives tl  it  may  be  considered  are: 

1.  Two  01  three  independent,  normally  operative 
systems 

2.  Normally  operative  system  plus  emergency 
backup  systems,  the  backup(s)  normally  being  in- 
operative until  loss  of  a primary  system 

3.  Normally  operative  systems  plus  hydraulic  cir- 
cuit breakers  (HCB) 

4.  Intersystem  switching  for  redundancy  with  ap- 
propriate provisions  against  loss  of  fluid  in  the  newly 
applied  system  if  first  system  failure  is  due  to  loss  of 
fluid 

$.  Combinations  of  independent  system  plus  inter- 
system switching  and  hydrau’ic  circuit  breakers 

6.  Use  of  armor  in  conjunction  with  system  re- 
dundancy 

7.  Reversion  to  manual  control  where  applicable 
and  possible. 

For  example,  computer  analyses  indicate  that  two 
systems  with  HCB  incorporated  are  nearly  as  sur- 
vivablc  as  three  independent  systems,  and  that  signi- 
ficant weight  and  cost  savings  may  result  from  this 
approach.  A complete  analysis  of  weight  and  cost  im- 
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ducted  as  early  in  the  program  as  possible.  Close 
coordination  is  required  with  the  procuring  activity 
during  this  phase  in  order  to  insure  that  contract  re- 
quirements are  being  met  and  that  the  design  is  ap- 
proved. 

The  combat  safety  aspects  are  concerned  pri- 
marily with  fire  resulting  from  battle  damage.  Fire- 
resistant  fluids  are  developed  and  shall  be  con- 
sidered. 

HCB  concepts  also  should  be  considered  as  to  their 
fire  minimization  impact  since  they  c&n  limit  signifi- 
cantly the  amount  of  fluid  dumped  into  a lire. 

Noncombat  safety  aspects  are  focused  primarily  on 
ground  maintenance  aspects  of  the  system  operation. 
This  facet  is  covered  in  detail  in  par.  9-2.8.  However, 
a basic  flight  contrc'  safety  requirement  dictates  that 
if  there  is  a complete  power  failure,  at  least  one 
system  shall  be  driven  by  the  autorotating  rotor. 

9-2.4. 1. 1 Reservoir  U»d  S*«si*g 

Reservoir  level  sensing  (RL5)  is  a technique  which 
uses  the  reservoir  to  operate  subsystem  pressure  shut- 
off valves  mechanically.  The  return  portion  of  the 
system  is  isolated  by  a check  valve  located  in  the 
return  line.  Both  the  mechanically  operated  pressure 
shutoff  valve  and  the  return  chock  valve  shall  be 
located  as  close  to  the  central  power  source  as  possi- 
ble in  order  to  provide  the  n.ajiimum  central  power 
source  protection.  RLS  allows  a reduction  in  pump 


replacement,  filter  changing,  and  flushing  system 
maintenance.  The  RLS  concept  can  sense  and  isolate 
a leak  of  any  magnitude,  thus  reducing  su  bey  sum 
component  and/or  line  leakage  failures  that  normally 
cause  complete  system  lost.  RLS  is  detailed  in  par.  9- 
4.5.4,  AMCP  706-201. 

9-2.6.I.2  System  Switching  Concepts 
When  normally  operated  or  passive  • backup 
systems  are  used  as  backups  for  flight  control 
systems,  intersyttem  switching  is  an  important  con- 
sideration. The  switching  function  must  be  very 
reliable,  and  must  provide  for  elimination  of  inter- 
system leakage  as  a steady-state  or  transient  condi- 
tion. 

One  method  of  accomplistr'ng  the  switching  func- 
tion is  through  the  use  of  a lapped  spool  and  sleeve, 
with  pressure  and  return  of  both  systems  on  the  tame 
spool.  To  minimuc  intersystem  leakage,  only  the 
returns  arc  associated  directly  so  that  differential 
pressure  between  system*  it  minimized  (Fig.  9-12) 

A second  alternative  is  use  of  check  valves  to 
s&F^rate  the  pressure  side  of  the  systems.  A power 
(pressure  and  spring)  shuttle  is  used  to  switch  the 
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accomplished  independently.  This  approach  may  not 
be  acceptable  under  certain  dynamic  conditions  of 
system  operation  (Fig.  9-13). 
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A third  alternative  is  the  use  of  check  valves  to 
sept  tale  the  pressure  side  of  the  systems,  in  conjunc- 
tion with  an  inline  relief  valve  in  a common  return 
line.  The  relief  valve  represents  an  energy  loss  in  the 
normal  system,  and  acts  to  keep  the  backup  system 
fully  serviced  as  a part  of  the  normal  mode  of  opera- 
tion (Fig  9-14).  Upon  reversion  to  the  emergency 
(backup)  mode,  the  relief  valve  setting  is  high  enough 
so  that  maximum  generated  return  pressures  will  not 
operate  it.  Where  this  concept  is  used  as  a part  of  a 
dual  system  actuator,  anticavitation  valves  are 
required  in  order  to  keep  the  relief  valve  setting  at  a 
reasonable  level. 

A variation  of  Alternative  3 is  the  use  of  a me- 
chanical loeked-oul  relief  valve  to  eliminate  energy 
loss  during  the  normal  mode  of  operation.  This  is  ac- 
complished by  using  the  last  portion  of  the  backup 
system  reservoir  stroke  on  filling  to  hold  the  relief 
valve  off  its  scat  mechanically.  The  initial  stroke  of 
the  reservoir  allows  the  valve  to  reseat  and  preserve 
the  system  integrity  upon  reversion  to  the  backup 
system  (Fig.  9-15'. 


Figure  9~!4.  Pressure  Check  Vahes  Pin  laliae 
Return  Relief  Valve 
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A variation  of  Alternative  I involves  use  of  poppet 
valves  and  a mechanically  operated  cam  in  lieu  of  the 
lapped  spool  and  sleeve  (Fig.  9-16). 

Pyrotechnically  operated  valves  also  may  be  used 
to  provide  switching.  This  approach  generally  is  irre- 
versible, and  replacement  of  the  valves  is  required 
after  operation. 

9-2.6. 1.3  Return  Pressure  Sensing 
Return  pressure  sensing  (RPS)  is  most  appro- 
priate for  use  with  full-trail  solenoid  selector  valves. 
The  cylinder  poit(s)  is  connected  to  the  return  when 
the  valve  is  in  the  de-energized  position.  A spring- 
opposed,  pressure-operated  shutoff  valve  is  located  in 
the  system  return  at  the  valve  return  port  or  down- 
stream. Normal  system  return  pressures,  by  design, 
overpower  the  RPS  piston  and  allow  normal  valve 
operation.  Combat  damage,  or  component  or  line 
failure  resulting  in  external  leakage,  causes  reduced 
subsystem  pressure  because  the  return  check  valve 
prevents  reverse  flow.  The  spring  then  operates  the 
RPS  valve,  thus  inhibiting  operation  or  the  solenoids 
and,  in  efTcct.  preventing  use  of  the  damaged  sub- 
system and  loss  of  the  complete  system. 

9-2.6. 1.4  StfMCwag  and  Reims  PinUie  Smiling 
The  pressure-sensing  concept  can  be  used  in  con- 
junction with  switching  functions  as  a means  to  pre- 
vent switching  a good  backup  system  into  a sub- 
system that  has  lost  its  pressure  vessel  integrity  A 
time  delay  of  several  seconds  is  integrated  into  the 
switch:  ig  function,  i.c.,  the  initial  motion  blocks  both 
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the  norma!  and  the  backup  systems.  During  the  time 
delay,  the  pressure-sensing  system  tests  the  subsystem 
and  mechanically  inhibits  the  switching  function  if 
the  subsystem  docs  have  an  external  leak.  Fig.  9-17 
contains  e schematic  of  this  approach. 

*-2.6.2  Operating  Pressure  Considerations 

Oxrating  pressure  is  a function  of  helicopter  size, 
complexity,  and  performance.  Smaller  nelicoplci's 
with  manual  reversion  capability  may  use  low 
pressures,  such  as  1000-1500  psi,  without  significant 
weight  penalties.  Generally,  dynamic  seal  life  is  better 
with  reduced  pressures.  Larger  helicopters  will 
require  3000- psi  systems  in  order  to  attain  reasonable 
volumes  and  system  weights. 

The  impact  upon  development,  qualification,  test 
and  maintenance  equipment  requirements  may  be  a 
strong  motivation  for  maintaining  3000  psi  or  lower 
pressures.  However,  it  is  desirable  to  conduct  a 
system  pressure-weight-cost  trade-off  study  as  a 
means  of  determining  optimum  helicopter  hydraulic 
system  configuration.  Par.  9-4.2,  AMCP  706-201, 
contains  a discussion  of  the  pressure  selection  con- 
siderations as  related  to  preliminary  design  func- 
tions. 

The  basic  selection  decision  usually  is  made  in  the 
preliminary  design  phase,  and  a later  rc -evaluation 
may  be  necessary  as  helicopter  requirements  may 
change  as  the  design  advances  into  the  hardware 
phase. 
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9-2.63  SdcclKM  of  fluid  Medina 

MIL-H-5606  fluid  is  the  most  commonly  used 
medium  and  has  present  widespread  usage  through- 
out the  military  world. 

A synthetic  hydrocarbon  defined  by  MIL-H-83282 
now  is  being  considered  for  use  in  Army  aircraft.  Its 
primary  attraction  is  that  it  is  significantly  less  flam- 
mable than  MIL-H-5606.  Operational  character- 
istics at  ve.-y  low  temperatures  have  not  as  yet  been 
fully  established. 

For  a thorough  discussion  of  hydraulic  fluids,  refer 
to  AMCP  706-123 

9-2.6.4  Filtration  rCoataadnatioa) 

System  fluid  filtration  and  external  contamination 
factors  must  be  considered  since  they  have  a direct 
efiect  upon  the  reliability  and  serviceability  of  the  hy- 
draulic system. 

9-2.6. 4.1  Fluid  Filtration 

Several  filtration  methods  are  available.  These  in- 
clude: central  filtration,  subsystem  filtration,  return  ■ 
case  drain  concepts,  and  suction  line  filtration. 

Central  filtration  involves  a pressure  filler,  a return 
filter,  and  a j tmp  case  drain  fitter.  This  filtration 
method  requires  that  all  critical  components,  such  as 
flight  control  actuators,  shall  have  inlet  screens. 
These  screens  shall  be  in  the  size  rsuvgt  of  i 00- 150 
micron  absolute  particle.  i c„  particles  with  two 
dimensions  larger  than  the  maximum  allowable  shall 
be  blocked  or  prohibited  from  passing  through. 

Subsystem  filtration  involves  a pressure  filter  that 
cither  is  integrated  into  or  is  immediately  upstream  of 
each  component  or  subsystem.  The  return  filter 
generally  will  be  of  a common  single  configuration. 
The  case  drain  from  each  pump  shall  have  a separate 
filter. 

The  return  case  drain  philosophy  applies  to  both  of 
the  foregoing  categories.  The  case  drain  and  return 
system  filter  functions  may  be  combined  within  a 
single  filter  assembly.  The  assembly  may  contain 
either  a single-  or  two-stage  element.  If  the  element  is 
two-stage,  the  full  or  transient  flow  stage  shall  be  per 
MIL-F-8815  (5  microns  nominal,  15  microns  abso- 
lute) and  the  low  flow  or  bypassing  stage  shall  be  3 or 
5 microti:;  absolute.  The  capability  of  the  single-stage 
element  may  be  a compromise  between  the  two.  such 
as  a 5-micron  absolute  capability. 

Suction  lift*  filtration  generally  is  not  used  because 
the  suction  pressure  capabilities  of  pumpu  demand 
that  the  suction  line  pressure  drop  be  kept  to  a 
minimum.  Tint  means  * suction  line  ttement  would 
be  quite  large  anti,  therefore,  bu54y  acid  heavy.  Tltc 
weight  penalty  usually  is  uiteosy.piabk. 
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Filtration  is  Ivitto  disoi^wd  iv.  p&"S.  9-  4.3.2. 3 and 
94 AS,  AMCP  706-  205. 

♦44.42  CfsatxJ  OpoRMifif.1  FltorttJiovi 
Ground  cart*  gawsrufiy  incorporate  their  own  fil- 
tration ryiienu,  which  nwty  i*f  of  *-i  micron  abso- 
lute capability.  The  helicopter  ny»tcm  skzll  incor- 
porate provisions  for  introduction  of  the  ground  cart 
fluid  through  the  system  pressure  filterfs)  u shown  in 
Fig.  9-18.  This  provides  for  helicopter  system  protec- 
tion if  the  ground  cart  filtration  it  defective. 

The  two  available  alternatives  in  filter  elements  are 
the  noncleanablc  throwawiyc  and  the  reusable, 
cteanabk  types. 

92.4A3  PttrtoW-3  Laval 
Thu  required  filfriiiion  level  is  defined  in  MIL-H • 
S440,  which  spudfies  that  the  filtration  meet  at  least 
the  rcquiraifeofit#  of  MFL-F-SSSS. 

The  ekiwicnti,  assy  be  estiwar  nonckonabic  throw- 
aways or  efessabk,  reusable  ctanaets.  The  dsasiabte 
uHtit  munufi®  are  fateastiwS  from  awaal  scrwritt 

iPi'a%  w o-vwi-h  twiiw  umSkVv.  «i"v  SIS  C 

two-dkmenw.w*S;  i.e..  tfc&r*  is  ac  relative  depth  in  the 
ti-wi  fhs-t--  jliMtfxhc.  The  throwaway  ckane«5.«  usually 
are  thrsc-tvtiwaciiiorMif  m reawiftiRR  panicle  size. 
T.'itile  both  nisy  cs the  same  glass  bead  teat  cri- 
teria, the  depth  fiisvr  wife  do  a bs-nar  job  of  stopping 
fine  particles  that  are  auiftlk*  than  the  rtoWiinai  rating 
of  tbs  dement. 

94LAA4  fcjtwrwa!  L'M&iasAMlkM 

Expenenoe  low  shown  Chat  autd  end  diu;  act  pri- 
mary coainrit'itssoi,!  to  poor  hydraulic-  tystrai  oMupo- 
«er.t  We.  Eteaft-  to  the  hjtt.auiic  tew  areas  and  to 
otm-a'  sanl  finish  by  hard,  cutting,  ftofltejnisMMtJ  bus 
caiaed  ntaay  proMeraa.  The  t\e  oiTtawMs  protective 
boots  ii  itti  obvious  and  desirable  means  of  mini- 
ttu&tg  teveh  offsets.  In  addition,  iuip-ovement*  it; 
sunk;  Mud  rod  scraper  design  uz  required.  Still 


another  altei-netive  is  the  use  of  rotary  outputs  in 
conjunction  with  crank  mi  for  conversion  to  linear 
motion  in  lieu  of  linear  actuators. 

In  any  event,  qualification  and  environmental  test 
requirements  that  are  much  more  stringent  than 
those  in  present  Military  Specifications  must  be  used 
in  order  to  ascertain  that  new  equipment  will  per- 
form satisfactorily. 


9-14L5  Fitting* 

To  facilitate  installation,  system  components  mi 
lines  must  have  disconnect-conncct  points  consistent 
with  specific  helicopter  installation  requirements. 
Separable,  reusable  concussions  arc  rtqurul  for  ease 
in  removal  and  maintenance.  However,  in  many 
cases,  permanent  fittings  may  be  used  in  joining  rum 
of  tubing  where  acctsr  through  the  installation  is  not 
required.  Far.  94.3,  AMCP  706-201,  contains  a dis- 
cussion of  available  fittings  of  both  types. 

There  are  several  reusable  fitting  alternatives,  in- 
dwftttg  fix  MS  fhuictess  cod  AIN  fi*r«  standards,  that 
arc  fir.-,'  for  Salvs-l  c-tube  sntf 
03»tMUtmR.s.  Titov:  «Sso  include  the  RttKtsteJV.il 
"Dynatobc."  and  «vur»!  others,  and  arc  described  ifi 
par.  94.3.  AMCP  706-201. 

MIL*F-H»2W  covets  the  reusable  fitting  icquiic- 
BW.to.5v  'ike  literal  test  requirements  arc  applicable 
to  mod;  fittings  and  aircraft.  However,  the  specific 
usage  area  in  fisc  helicopter  must  be  analyzed,  and 
additional  testing  must  be  specified  as  considered 
necessary  in  order  to  insure  that  (he  fitting  chose* 
will  perform  satirfsctorily  in  service. 

The  Rosan  fitting  recently  has  become  available  as 
33  (.T/$ll£KWIfC.llt "l tl";v  u, tc'i7COiicl  vv.t . Tit-SS  f|tt5!,g  iS  ShOWI, 
in  crow  section  in  Tig.  9-19.  Its  advantages  over  the 
standard  AH  boss  awl  filling  combination  include  a 
superior  seas  design  and  a locking  feature  that  elimi- 
nates the  need  for  (he  or  of  a second  wrench  to  hold 
lire  boas  fitting,  when  re. moving  the  line. 
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The  use  of  titanium  it  being  initiated  in  iii  a and 
fittings  with  significant  weight  savings.  Techniques 
for  eliminating  galling  between  fittings  have  been  per- 
fected. A weight-cost  trade-olT  covering  the  use  of  ti- 
tanium nuy  be  performed  in  the  final  design  config- 
uration commitment  phase. 

9-2. 6.6  Dynamic  Fhrid  Connections 

Swivels,  hoses,  and  coiled  or  torsion  tubing  are  al- 
ternatives to  be  considered  where  relative  motion 
between  an  actuator  and  a structure  must  be  allowed. 
Because  these  types  of  fittings  may  impose  weight 
and  cost  penalties,  other  means  of  solving  the  relative 
motion  problem  must  be  considered  seriously.  The 
use  of  an  articulating  link  between  the  structurally 
mounted  and  immobilized  actuator  and  the  moving 
control  surface  or  other  subsystem  is  an  alternative 
that  has  been  used  frequently.  Fig.  9-20  is  an  example 
of  such  an  installation.  Par.  9-4.3,  AMCP  706-201, 
presents  information  covering  dynamic  fluid  connec- 
tions. 

If  hoses  are  the  only  alternative,  c'ose  attention 
must  be  given  to  design  of  the  installation,  The 
minimum  allowable  bend  radius  of  the  hose  must  not 
be  exceeded  during  motion  of  the  actuator.  The  hose 
position  relative  to  str-  .lure  and  areas  on  the  actu- 
ator during  motion  must  be  analyzed  in  a layout 
drawing  in  order  to  determine  that  interference  does 
not  exist.  Ir.  addition,  a protective  cover  must  be  in- 
stalled to  protect  the  hose  from  abrasion  damage  due 
to  vibration  and  g's,  which  can  cause  the  hose  to  de- 
flect outside  its  normal  path  during  motion  (Fig.  9- 
21). 


JCTPI.V  UftES 


Figure  9-20.  Use  of  is  Articulating  Link 


Flgsrt  9-21.  Use  of  Protective  Cover  oa  Hoses 


Swivels  may  be  used  in  conjunction  with  hoses,  or 
as  scissor  assemblies,  to  resolve  relative  motion  prob- 
lems. The  swivel  assembly  rigidity  minimizes  vibra- 
tion and  acceleration  problems.  However,  the  joints 
involve  the  use  of  dynamic  seals,  which  can  result  in 
nuisance  or  catastrophic  leaks. 

Tt  e use  of  coiled  or  torsional  tubing  or  articu- 
lating links  is  the  preferred  method. 


9-2.6.7  Peak  Power  Levels 

The  determination  of  peak  power  levels,  and, 
therefore,  of  hydraulic  pump  and  li.ie  size,  is  detailed 
in  par.  94.6,  AMCP  706-201.  It  is  desirable  to 
develop  a precise  knowledge  of  the  parallel-series 
operation  of  the  subsystems  so  that  adequate  perfor- 
mance is  attained  at  minimum  weight  and  cost.  Un- 
due conservatism  in  hydraulic  system  design  will 
penalize  helicopter  performance,  insofar  as  weight 
and  power  extraction  arc  concerned. 

The  same  techniques  of  power  system  analysis  that 
are  discussed  in  par.  94.6.  AMCP  706-201.  shall  be 
used  in  establishing  system  peak  power  require- 
ments. !n  addition.  ■ mission  profile  riW/  hr 

co  ducted  to  determine  total  energy  requirements 
and  the  system  heat  load.  Fig  9-22  is  a typical  exam- 
ple of  a mission  profile  requirement. 


9-2.6.*  API'  and  Engine  Starting 

It  is  customary  to  use  hydraulics  for  starting 
APU‘s  and  turbine  engines,  since  the  hydraulic  star- 
ting system  is  self-contained  and  provides  a capa- 
bility for  multiple  starts.  No  external  electrical  or 
ground  hydraulic  carls  arc  required,  and  a hand 
pump  allows  recharging  of  the  accumulators  for  sub- 
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successful.  The  basic  hydraulic  starting  system  con- 
sists of  air-  or  nitrogcn-cliargcd  accumulators  that 
are  discharged  through  a hydraulic  motor  that  is  con- 
nected mechanically  to  the  turbine  engine  or  APU  via 


TAgLOfF  lAMfliV. 


9-12 


Figure  9-22.  Typical  Mbaloa  R.  jal’xwcot  Profile 
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• manually  operated  selector  valve.  Self-displacing 
accumulators  can  be  used  to  injure  that  the  asso- 
ciated hydraulic  system  reservoir  is  kept  to  a 
minimum  size  and  weight. 

The  cold  start  is  a primary  design  point  due  to  high 
line-loss  characteristics  with  -65°F  fluid  tempera- 
tures. The  motor  requirements  for  equivalent  warm 
oil  output  torques  are  not  increased  appreciably  by 
-6S*F  fluids;  however,  flow  rate  will  be  greatly 
reduced  until  fluid  temperature  has  increased. 

Instantaneous  or  fast  opening  of  the  manual  con- 
trol valve  can  cause  hydraulic  motor  shaft  shearing  or 
other  damage  due  to  the  high-p  assure  shock  wave. 
The  control  valve  design  should  include  features  to 
provide  for  slow  buildup  of  pressure  (O.S  to  1 .0  sec  is 
reasonable).  At  high  temperatures,  the  extra  fluid 
energy  available  as  a result  of  decreased  line  losses 
may  require  control  if  the  APU  or  turbine  engine  is 
acceleration-limit^  due  to  a characteristic  of  a com- 
ponent or  the  basic  gear  train. 


9-2,6.*  System  Heat  Refection  Characteristics 


t A«U_IIV«Ml»r . LlliAl  «»'»*  ■ 
iwv-  jponwi-tevv*  ejete 


/Ir 

I \IW» 


i non  . ... 

piVNmh  va  iwv  f/oi 


or  leas,  and  low  flow  of  5 gpm  or  less)  generally  do 
not  require  any  special  cooling  equipment.  Large, 
high-powcr-ievtl  systems  operating  in  relatively 
warm  ambient  temperature  regions  may  require  heat 
exchangers  i.i  order  to  maintain  fluid  temperatures 
bdow  the  Type  II  upper  limits  of  275#F. 

The  performance  specification  for  the  heat  ex- 
changer includes  the  following  requirements: 

I .  Media  maximum  inlet  and  outlet  temperatures 


allowed 

2.  Media  minimum  and  maximum  mass-flow  rates 

3.  Hydiauliv  iii|iu  maximum  iiiici  and  ouiiei 


allowable  temperatures 

4.  Hydraulic  fluid  minimum  and  maximum  mass- 
flow  rates 

3.  Allowable  pressure  drops  in  both  the  media  and 
hydraulic  sections. 

The  heat  exchanger  qualification  test  shall  specify 
the  following  basic  requirements  in  addition  to  a 
demonstration  of  performance: 

1 . Realistic  impulse  testing  as  a pressure  vessel  so 
as  to  insure  adequate  fatigue  life 

2.  Environmental  tests,  including  vibration,  shock, 
and  corrosion  testing. 


9-2.6.10  System  Analysis 
The  system  performance  analysis  necessitates 
definition  of  the  requirements  of  each  of  the  sub- 
systems in  terms  of  output  requirements  and  resulting 
input  needs.  Flight  control  subsystems  and  utility 
^subsystems  are  the  basic  divisions.  Par.  9-4.6,  AMCP 


706-201,  discusses  the  analysis  or  determination  of 
power  requirements  for  both  types  of  subsystems. 
Where  there  are  several  subsystems,  the  maximum 
simultaneous  need  must  be  detci  mined  in  order  to 
define  the  peak  output  capability.  As  a part  of  the 
performance  analysis,  line-sizing  criteria  based  upon 
maximum  allowable  transients  must  be  used  to  insure 
that  MIL-H-3440  and  practical  limits  are  met. 

In  order  to  insure  that  performance  goals  — in- 
cluding combat-damage  tolerance  and  single-  and 
dual-failure  tolerances  — are  met.  a failure  mode  and 
effect  analysis  (FMEA)  must  be  conducted.  This  shall 
be  conducted  in  as  much  detail  as  is  practicable.  This 
analysis  shall  be  prepared  in  accordance  with  the 
system  safety  program  plan  of  Chapter  3.  AMCP 
706-203. 

MIL-H-5440  defines  the  hydraulic  system  data  and 
reports  that  arc  required,  including: 

1 . System  requirement  studies  data 

2.  Design  selection  data 

3.  Developmental  data 

4.  Production  data 

5.  Schematic  diagram 

6.  Hydraulic  system  design  report 

7.  Hydraulic  system  nonstandard  component 
cross-sectional  assembly  drawings. 

The  requirements  of  the  helicopter  detail  specifica- 
tion. together  with  the  MIL-H-3440  requirements, 
shall  constitute  the  basic  hydraulic  system  report  re- 
quirement. 


9-2.7  HYDRAULIC  COMPONENT  DESIGN 
AND  SELECTION 

The  detail  requirements  for  the  various  compo- 
nents needed  to  complete  the  hydraulic  system  are 
discussed  in  the  paragraphs  that  follow. 

9-2.7. 1 Actuators 

Actuators  may  be  separated  into  two  basic  classes: 
flight  control  and  utility.  These  two  classes  may  be 
divided  into  rotary  and  linea:  output  types.  The  flight 
control  actuators  may  be  dual-  or  single-system  types 
with  manual,  mechanical,  pilot  control  input  signals. 
In  addition,  some  units  include  an  integrated  control 
augmentation  system  (CAS),  a stability  augmenta- 
tion system  (SAS),  and/or  an  autopilot  system.  The 
controls  — manual  and  electronic  — generally  are 
combined  with  the  electrical  control  mode,  either  in 
series  or  in  parallel  with  the  manual  mode  (Fig.  9-23). 

The  series  mode  provides  limited  authority  and 
flight  control  surface  motion  without  motion  feed- 
back to  the  pilot's  control  stick.  The  parallel  mode  of 
operation  provides  unlimited  authority:  in  effect. 
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dragging  the  stick  along  with  the  surface  during  mo- 
tion, The  augmentation  and  autopilot  modes  of 
operation  use  electrohydrauiic  valves,  which  receive 
electrical  signals  generally  in  proportion  to  the 
magnitude  of  the  desired  surface  position  change  and 
then  translate  the  signal  into  a hydraulic  command  to 
the  actuator.  The  electrical  feedback  signal  cancels 
out  the  electrical  command  signal  when  the  control 
surface  reaches  the  commanded  position.  Flapper 
and  nozzle  or  jet  pipe  electrohydrauiic  control  valves 
arc  used.  Figs  9-24  and  9-2S  present  schematics  of 
the  valves.  The  jel  pipe  is  preferred  because  it  has  an 
inherently  greater  tolerance  to  contamination;  how- 
ever, this  type  valve  has  a higher  leakage  rate  than  the 
flapper  and  nozzle  type  which  increases  the  hydrau- 
lic system  heat  load.  This  contribution  to  the  heat 


load  requires  consideration  in  the  decision  on  type  of 
valve  to  be  employed. 

The  master  control  valve  that  accepts  the  manual, 
electrical,  or  combined  signal  is  a four-way,  closed- 
center  valve  (Fig  9 26).  For  balanced-area  cylinders 
in  the  neutral  position,  the  cylinder  port  pressures  are 
generally  established  at  one-half  the  system  pressure 
at  the  no-load  position.  In  unbalanced  actuators,  tlx: 
cylinder  port  neutral  pressures  are  unbalanced  in  pro- 
portion to  the  area  unbalance  as  required  to  obtain 
the  necessary  force  balance.  The  spool  of  this  servo  is 
subject  to  jamming,  particularly  by  thread-shaped 
partic!  :$  which  may  have  been  scraped  from  surfaces 
of  components  by  abrasives  (predominately  sand) 
which  arc  introduced  from  the  environment.  Beside 
scrupulous  care  during  maintenance  and  servicing  iO 
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preclude  entry  of  contaminants,  the  obvious  pre- 
ventive measures  are  boots  and  effective  scrapers  and 
use  of  depth  type  filters  which  trap  these  thread- 
shaped  particles  far  better  than  screen  type  filters  can 
Where  the  electrical  and  manual  signals  are  mired, 
a linkage  mechanism  is  used  to  combine  the  signals  at 
the  master  control  valvt . The  manual  signal  comes 
directly  to  the  valve  through  an  appropriate  linkage. 
The  eiectrohydraulic  valve  output  flow  is  directed  to 
a small  auxiliary  ram  that,  through  an  appropriate 
linkage,  can  move  the  master  control  valve  as 
directed  by  the  electrical  signal. 

The  utility  cylinders  generally  are  relatively  simple 
and  do  not  include  the  control  function  of  the  sub- 
system. 

9-2.7. 1.1  Rip-stop  Protection 
When  dual  actuators  are  employed,  or  two  in- 
dependent systems  are  used  simultaneously  in  a flight 
control  actuator,  experience  indicates  that  a fatigue 
failure  may  originate  in  one  system  and  propagate 
into  the  other,  resulting  in  loss  of  both.  If  control 
cannot  revert  to  manual  mode  in  such  a situation,  the 
helicopter  can  be  lost.  This  potential  problem  can  be 
eliminated  by  use  of  the  rip-stop  technique,  which 
requires  the  use  of  separate  pressure  vessels.  The 
vessels  can  be  joined  by  fasteners,  brazing,  or  other 
techniques,  and  the  discontinuity  will  preclude  the 
possibility  of  a fatigue  failure  causing  both  systems  to 
be  lost.  The  present  state  of  the  art  allows  use  of  this 
technique  without  significant  weight  penalty.  There- 
fore, it  shall  be  used  where  possible. 


9-2.7.I.2  Endurance  Testing  Requirements 
Adequate  endurance  tests  arc  essential  if  the  actu- 
ator service  lifetime  is  to  be  satisfactory.  Two  impcr 
tant  design  considerations  are  the  dynamic  seals  and 
the  integrity  of  the  actuator  as  a pressure  vessel.  The 
endurance  test  program  shall  provide  for  a rigorous 
test  of  the  basic  and  detail  design  concepts  Toward 
this  end,  the  usage  must  be  defined  in  depth;  where 
test  requirements  in  addition  to  those  specified  in  the 
applicable  Military  Specification  are  desirable,  they 
shall  be  specified.  The  additional  test  may  include  en- 
vironmental, operational  cycle,  and/or  pressure  ves- 
sel impulse  testing. 


9-2.7. 1.3  Seal  Alternatives 
Military  Standard  (MIL-G-5514,  etc.)  O rings, 
backup  rings,  and  glands  arc  used  in  dynamic  seal 
applications.  The  backup  ring  is  required  for 
pressures  above  1000-1500  psi,  depending  upon  the 
specific  application.  Frequently,  seal  life  require- 
ments are  such  that  special,  nonstandard  seals  arc 
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Figure  9-26.  Typical  Master  Control  Valve 
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I used.  The  various  types  of  nonstandard  sr.als  are  dis- 
cu  s;>cd  in  per.  94.4.6,  A MCP  7(lb-2(ti. 

A useful  technique  involves  ihe  me  of  dual  seals 
with  the  section  bctw«?»i  the  rials  vented  to  the  return 
side  of  the  system.  The  first  st.ige  is  then  the  high- 
preisur.r.  '**0,  and  the  itcoitcf  stage  must  sea!  only  the 
lower  return  pressures  Restrictor^  may  be  used  in  the 
ventral  section  in  order  ic  in!-  bit  large,  >.hort-circuit 
leakage  flows. 

Use  of  truly  reuundan1  seals  is  a new  technique. 
This  involves  use  of  two  seats  in  scries  without  vent- 
ing in  between.  The  designer  should,  h,.  wever.  insure 
| that  fluid  canrot  be  trapped  between  seals  or  that 
[ thermal  effects  will  not  cause  faiure. 

' Backups  for  standard  U ring  seals  may  be  eiltier 

1 standard  scarfed  or  unscarfed  (solid)  The  unscarfed 
I backup  shall  be  used  w henever  possible  in  lieu  of  ti.e 
standard  scarfed  types. 

Surface  fin.sh  is  important  to  seal  life,  and  should 
be  kept  below  8 min.  A I bam.  finish  may  be  accep- 
table for  short-life  applications. 

Static  seals  generally  in  use  are  the  MS  standard  O 
rings  with  MS  standard  scarfed  backups.  As  with  the 
dynamic  seals,  unscarfed  (solid)  backups  are  pre- 
ferred where  the  diameter  is  large  enough  so  that  they 
can  be  installed  without  damage.  A lb-  to  32-pin. 
finish  is  required  f-  ..ic  O-ring  glares. 

The  types  of  seals  currently  m use  arc  discussed  in 
par.  94  U\  AMCP  706  20 

9-2.7. 1.4  Materials  and  Stress  Considerations 
Actuator  stress  considerations  include  control  of 
stress  raise's  and  use  of  appropriate  materials  with 
proven  stress  corrosion  resistance  and  predictable 
fatigue  I.Te.  Use  of  adequate  internal  and  external 
radius  is  highly  desirable.  Yhc  finish  must  bt  kept  in 
the  range  of  ’’2  rms  or  below.  A significantly  rougher 
. finish  can  olf„et  generous  radii  by  introducing  many 
r r.o-ratiius  s resr  raisers. 

! Steels  generally  have  beltet,  more  coisjstc.il 

fatigue-life  characteristics  than  does  aluminum,  an«.„ 

Si.^reforc.  shall  be  used  where  long  life  is  mandatory 
and  flight  safety  important.  MIL-C-5503  is  applica- 
ble in  this  case,  and  contains  detail  requirements  in- 
J ''tei-jfijjg  envi'onrnental  and  life  tests. 

| The  lapoed  spooi-riccvc  control  valve  matcr-ats 

may  be  either  SAP.  52IOQ  seties  steel,  or  corrosion- 
fesist.int  sick  such  as  Type  44%;  stainless.  Tricst 
m T”  k have  p'O’ren  satisfactory  in  service  usage, 
b m C stainless  must  Ik  cold  stabilized  to  insure 
dimension'd  stab.uly  in  order  to  avert  subsequent 
jamming 

-Ml. 


9-2. 7. 1.5  General  Reyakewzttts 

This  discussion  applies  primarily  to  flight  control 
actuators  with  integrated  CAS.  SAS,  or  autopilot 
modes  of  operation.  For  satisfactory  service  usage,  it 
is  desirable  that  the  necessary  control  linkage  be  im- 
mersed in  fluid  inside  the  actuator.  Jamming,  corro- 
sion, high  friction,  and  unacceptable  control  system 
slop  due  to  wear  are  problems  that  are  eliminated 
and/or  minimized  by  this  method.  It  also  allows  the 
use  of  a rotary  low-pressure  dynamic  seal  as  the 
access  from  the  external  manual  control  system  to  the 
actuator  internal  linkage.  Such  a seal  is  considered 
superior  to  a linear  seal  because  more  efficient  sealing 
minimizes  introduction  of  contaminants  to  the  seal. 

Mechanical  override  of  s jammed  servo  secures  act 
appropriate  margin  of  yYld/failure  strength  in  the 
control  linkage.  Reliability  of  override  success 
depends  upon  the  severity  of  the  jam.  which,  in  luttt, 
varies  in  some  manner  with  size,  iht*pe.  and  materia) 
ot  the  jamming  panicle.  Dependence  on  mechanical 
override  (as  the  sole  back-up  for  r jammed  servo)  b 
not  an  acceptable  technique  except  for  small  (isght 
control  force)  helicopters.  Hydraulic  redundancy  is 
the  prescribed  method  for  larger  helicopter. 

The  finkpge  and  the  'crcc  input  capaoility  shall  be 
designed  so  the:  chips  that  may  get  to  the  control 
valve  can  be  sheared,  thus  a’,  oitiing  catastrophic  jam- 
ming of  the  actuator  control.  Generally,  a 1000-lb 
force  at  the  valve  spool  centerline  is  used  to  define  the 
jltimat : load-carrying  capability  of  the  control 
system  linkage  between  the  pilot  input  point  and  the 
valve  spool.  This  is  conservative,  but  usually  deflec- 
tion and  other  criteria  are  such  that  no  weight  penalty 
is  involved. 

For  stable  control  system  operation,  both  with 
power  on  and  with  power  off,  actuator  stiffness  can 
be  important.  The  fluid  spring  rate  capability  of  the 
actuator  is  a prim  - factor,  because  it  is  generally  the 
softest  portion  of  the  total  actuator  spring  rate  capa- 
bility . Adequate  stiffness  may  be  attained  in  several 
ways.  The  actuator  area  may  be  increased  beyond 
that  required  for  aerodynamic  purposes  so  ar  to  in- 
crease the  fluid  spring  rate.  Another  alternative  is  to 
use  hydraulic  damper  in  conjunction  with  actuator 
capability.  Power  off  damping  may  require  the  use  of 
separate  dampers  in  any  event. 

Dual  actuator  operation  on  a single  system  may  re- 
quire - hydraulic  bypass  or  anticavitabon  featrre. 
This  prevt  nts  the  pjmping  of  fluid  back  to  the  s>  stem 
reservoir,  a.'d  a resulting  requirertent  for  a larger, 
heavier  rcse,  v<  ir  Another  benefit  is  a significant 
reduction  in  the  energy  required  fiom  the  remaining 
operative  system  in  order  to  circulate  fluid  in  the 
failed  system.  Anticavitation  can  he  accomplished 


cither  by  a pressure-operated  bypass  valve  or  by 
riwd  vadw»  0*?i  allow  return  Sow  to  short  circuit 
Ik  coated  value.  Fig.  9-27  coassias  schematics  for 
those  two  approaches. 

I»  etiktr  case,  an  inline  relief  valve  compensator  is 
m)Hiied  to  insure  that  fluid  is  retained  within  the 
actuator.  The  relief  setting  must  be  high**  than  rite 
bypass  flow  pressure*  that  can  be  developed  during 
the  nuuituunwflow  condition. 

The  use  of  snubbing  tb«U  be  considered  wlstrever 
laige  assisting  loads  can  exist.  Snubbing  reduces  the 
iaqiact  load,  but  causes  a local  pressure  intensifica- 
tion that  must  be  taken  into  account  during  design 
and  test.  Therefore,  a weight/design  effectiveness 
trade-off  is  required  to  determine  the  optimum  ap- 
proach. 


RETUR8 


(A)  USE  OF  CHECK  VALVES 


(B)USE  OF  PifESSUFC-  OPERATED  BYPASS  VALVE 


Feedback  for  position  control  msy  be  attained  in 
at  least  three  ways:  with  a fixed  barrel,  with  a 
n/ovabic  barrel,  or  eiectrkally.  The  fixed  banc!  in- 
volves s moving  rod  and  an  associated  rnechank&i 
linkage  interconnect  between  the  moving  rod  and  (he 
pilot  input  linkage  This  approach  shows  the  use  of 
direct  tubing  connections  since  there  can  he  little  or 
no  relative  motion.  The  moving  barrel  gives  direct, 
feedback,  but  requires  hosts,  swivels,  or  other  means 
of  handling  the  motion.  The  third  alternative  in- 
volves the  use  of  transducers  in  conjunction  whh  elec- 
trical control.  Fig.  9-28  contains  schemata*  of  the  al- 
ternative approaches. 

Use  of  an  inlet  check  valve  » desirable,  particu- 
larly when  dual  actuators  arc  used.  If  the  aerody- 
namic load  during  single-system  operation  can  over- 
power the  system,  the  use  of  a check  valve  will  allow 
holding  of  the  position  involved  when  the  first  system 
failure  occurs  until  the  hinge  moment  or  lead  can  be 
reduced  to  a controllable  level  by  reduction  in  heli- 
copter speed  or  other  means. 

The  vane  or  motor  type  of  otary  actuator  may  be 
used  tu  advantage  in  helicopters.  An  obvious  area  is 
in  servo  motor  gun  turret  drive  applications.  Vanes 
may  be  used  as  combination  actuator-damper*. 


PILOT 

INPUT 


Fl^sre  9*27.  A.urV<rStifttea  Approaches 


Figure  9-28.  Feedback  Techniques 


9-2.1J2  Hy&auhc  Pumps 

The  hydraulic  pump  is  the  heart  of  the  hydraulic 
system.  and.  therefore,  it  of  prime  importance.  It  is, 
however,  the  primary  souccc  of  system  heat  energy 
due  to  iu  inherent  inefficiencies. 

The  basic  alternatives  for  pumps  arc  the  fixed-dis- 
placement and  the  variable-displacement,  constant- 
pressure  types.  The  fixed-displacement  unit  can  be 
used  with  “open  center”  utility  systems,  or  with  relief 
valves  or  combination  unloader  valve-accumulator 
systems,  for  pressure  control.  The  fixed-displace- 
ment system  is  relatively  heavy,  in  addition,  ,'t  tends 
fo  liavc  higher  heat  generation  levels  than  the  vari- 
able-displacement type.  Consequently,  the  fixed-dis- 
placement pump  is  not  in  general  use  except  ii  low- 
pressure-lcvei  systems. 

The  conventional  variable-displacement  pump  has 
constant-flow  capability  through  speeds  up  to  the 
pressure  control  cut-in  point,  which  is  approxi- 
mately 2830  psi  for  a 3000-psi  system.  As  the  demand 
dccieascs  below  the  full  displacement  capability,  the 
control  de-strokes  the  pump  until,  at  zero  output 
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The  compc  .sated  pressure  setting  can  vary  from  2950 
to  3050  psi  between  pumps  Fig.  9-29  shows  these 
characteristics. 

Modificat.ons  of  the  basic  control  are  available. 
One  variation  used  for  horsepower  limiting  is  the 
soft-cutofT,  relatively  constant  horsepower  approach. 
Fig.  9-30  shows  the  control  reducing  flow  at  1 300  psi 
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Flguif  9-29.  Hydraulic  Pump  Flow  vs  Pressure 
Characteristics 
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and  continue  on  a linear  basis  until  it  readers  th~ 
sUndaid  sharp  pump  level.  There,  it  reverts  U sharp 
cutoff  control.  Superimposed  on  Fig  9 3fi  U a 
constant-horsepower  line  that  is  tangr.nt  tc.  tr  too. 
cutoff  and  that,  when  compared  to  the  pea',  '^one- 
power  of  a sharp  cutoff  pump,  shows  s t^rn'lcaut 
reduction  in  the  power  required  to  drive  the  pump. 
This  is  a definite  advantage  where  the  driving  horse - 
powci  is  limited,  and  significant  weight  can  be  savvl 
in,  for  example,  an  electric  motor.  Howeier.  some  of 
the  weight  savings  is  offset  by  the  larger  lift's*  required 
to  maintain  subsystem  rates  with  1300  psi  available 
for  load  and  line  loss  versus  the  conventional  JH50- 
psi  capability. 

Another  type  of  control  offers  a high  response 
capability  because  of  the  large  control  valve  dmx’ 
with  pump  hanger  feedback  as  required  for  tubihze- 
tion  of  the  pump  control  system.  The  capability  to 
respond  to  both  on  and  off  demands  allows  the  dele- 
tion cf  the  accumulator,  resulting  in  savings  in 
weight,  maintenance,  and  servicing.  In  addition,  'he 
pump  has  better  overshoot-undershoot  character- 
istic* than  has  the  conventional  nump-accurr 
system.  Tnerefore,  pressure  peaks  are  lower  and 
system  fatigue  life  is  improved. 

Pump  case  drain  characteristics  are  im^ortiur  to 
satisfactory  system  and  pump  operation.  The  iu;>tp 
shall  have  a minimum  case  drain  flow  as  a function  < , 
back  pressure.  This  is  icquired  in  order  to  elimt  i.'V- 
pump  overload  and  failure  during  operation  in  th 
compensated  or  near-compensated  mode.  An  upper 
limit  on  case  pressure  buildup  due  to  flow  restriction 
is  necessary  in  order  to  avoid  !->it  cf  the  system  as  a 
result  of  failure  of  the  pump  or  case  drain  us  a 

pressure  -esse!  These  minimum  -maximum  c.'vrt  .i'a-:- 
characteristics  arr  shown  in  Fig.  9-31. 
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Figure  9-30.  Hydraulic  Ptuup  Soft  Cutoff 
Characteristic* 


Figure  9-31.  Hydraulic  Pump  Case  Drab  Flow 
Characteristics 
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v&sra  foia(  to  feB  strata  from  ceapawad  (bo- 
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ha  ? pwbatior  dt&'Ktsnsdcs  and  their  corapati- 
Wty  jrA  the  system  dyaasnic  dsoractehstks  arc 
exirem^h/  retpostaae  fyj  satiafacjory  system  and  heli- 
copter perfsraaicse.  Pump  syst'.m  compc  Ability  tests 
must  be  cr.«dactcd  « duly  as  possible  »-':  the  hard- 
ware etwvpam*  cy& , ,*snpiwdk  tines  tMt  mat  be 
mad  does  to  the  pump  whhos't  satraae  care,  because 
the  pump  pulsation  churecteritie  as  aa  caching  fre- 
qp«tey  e*ir  drive  the  appends*,  Mae  at  its  reaeooatit^ 
ft^nenry.  TUe  rdiult  is  pulsations  & a for  of  augns- 
tp^a  p?ciii-e  tO)  iTjte)  than  &*  pvfehin"  level 
fs*  ?<*%■,"  < $ f5-’  jtssk-tc-pss!.).  These  pvlss- 
ri*,»  an?  cut:  ‘ijtisi  fcj&>  rantjuiffJ  vibrations  that 
iLtdacs  sum  ^vds  hi,%h  £:'hk«’>-  to  cauu  fatigue 
h ihi;  *,  *n  « it-  ainntu. 

ft  J.  jmiSuukm  levid  is  unsccepUble,  there 

art  . v a*tc»  native  £h&.  Line  lengths  may  be 
modifier*  iw  the  resonating  area  sc  *5  to  move  the 
resonating  speed  point  out  oJ  the  ushg  ;-,pced  range  of 
tit?  pump  since  resonance  can  occur  between  ;:;c 
pomp  and  an  inline  supprusci.  There  arc  severs! 
ty  pes  of  suppressors;  the  Hclmoholu  resonator  is 


described  ia  par.  9-4.5.  AMCP  706-201.  and  a hy- 
draulic pabatios  suppressor  is  shown  ia  Fig.  9-33. 
Accaaudaton  who  caa  be  used  for  pubatiom  attww- 
atiea.  Smell  vohoaas  with  a idativdy  high  prachatge 
(2000+  pat)  aad  tow  impedance  (large  opening  to 
system)  an  required  in  order  to  attain  the  necessary 
high- frequency  response  character**' ics. 

Tkc  basic  appheabte  pump  specification  is  MIL-P- 
19692.  covering  variable-delivery  pump  require- 
ments. M1L-P-713I  coven  fiaed-displacement  unit 
requirements 

9-1.7. 3 ActaaadeSen 

Accumulators  are  used  for  energy  storage  and/or 
for  pressure  transient  and  pulsation  attenuation. 
They  may  be  of  the  piston,  bladder,  or  diaphragm-in- 
gM-fluid-eeperation  type.  A variation  of  the  piston 
type  is  the  sdf-dkpladng  variety,  which  avoid.;  any 
adverse  impact  upon  the  .eservoir  as  o result  of  size 
or  transient  high-velocity  motion. 

Seal,  Madder,  and  diaphragm  leakage,  and  its  con- 
trol, ure  the  basic  accumulator  problems.  The  piston 
seal  car.  be  complemented  with  a piston  face  sea!  that 
provides  redundancy  when  the  system  is  not 
operating. 

Another  alternative  for  minimizing  leakage  of  gas 
into  the  hydraulic  systvm  is  use  of  redundant  piston 
seals,  with  a vent  between  them  giving  access  to  the 
atmos^cie;  tins  may  require  a tail  rod  and  an  extra 
seal.  1 he  .evolution  of  high-response  pumps,  and  the 
resultant  elimination  of  accumulators,  is  a desirable 
•way  of  rolling  accumulator  problems.  The  only  basic 
a»ca  then  '•«*', uiring  accumulators  will  be  thw  engine- 
starting  system. 

A vt'f'.ulator  siring  and  prenharge  are  a function 
of  the  temperature  range  tnrough  which  the  accumu- 
lator n,u&,t  be  used.  The  fluid  volume  available  at  the 
mm-.-  u.’-  j pressure  and  the  minimum  operating  tem- 
pcrucic  obviously  must  meet  the  subsystem  energy 
requirements.  Accumulators  for  tactical  helicopters 
■tho'l  be  designed  to  retain  their  integrity  when 
exposed  ,o  gutifire. 

M'L-A-f-498  and  MlL-A-8897  cover  the  detail  ac- 
cumulator requirements,  and  par.  9-4.4.3,  AMCP 
706  A*  , contains  a discussion  of  accumulator  ttch- 
niq  i;v . 
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Figure  9-33.  Hydraulic  PriwtlM  Swpprtwiur 
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Rmrvtskiw  fvovfo#  pimp  suction  Him  ^ukuiu- 
lioffl,  tun  flwNt  from  tubuystcsn  differential  volumes, 
provide  for  ikeml  nxpeasioa  and  irntnctim,  nod 
provide  for  acceptable  vucmi!  leakage  at  dynfimk 
•sals  during  sytum  operatise.  User:  are  several  typ'W 
of  reservoirs,  indudutg  bootstrap,  separatcd-air 
pteasuruscd,  and  twnsc^srstod-air  pressurised.  These 
types  are  disarmed  in  more  detail  in  par.  *4,4.2, 
AMCP  704*201,  The  various  dssign  requirements 
and  frittnrss  of  the  reservoirs  are  discussed  in  MIL- 
&-5S2G  and  MlL-R-ft/Sl. 

The  reservoir  pressure  (*vd  essentially  a defied  by 
the  pump  suction  requirements.  Tk»  requirements 
involve  both  fluid  acceleration  and  tbt  pressure 
required  to  dimiisair  cavitation  at  the  maximum 
spesd,  mjuunuu&  flow,  and  minimum  operating  tem- 
perature points.  The  pump  characteristics  must  be 
defined  before  the  reservoir  and  pump  suction  line 
can  be  analysed  and  designed.  MIL-H-544G  defines 
general  action  requirements;  however,  t!«  specific 
pump  requirements  may  override  these. 

The  seals  in  the  Madder  end  diaphragm  raervoffs 
«r<  not  considered  dynamic  in  the  sense  of  a piston 
seal.  The  diaphragm  and  bladder  do  have  relative 
motion  between  themselves  and  the  reservoir.  The 
bootstrap  reservoir  dois  incorporate  piston  seals. 
Where  the  weight  penalty  is  acceptable,  bellows  are 
preferred  to  dynamic  scale  for  the  low-pressure  side. 
Where  dynamic  seals  crc  used,  friction  and  life  ex- 
pectancy are  primary  considerations.  The  friction 
level  shall  be  estimated  conservatively  and  is  to  be 
uned  in  drrigning  the  reservoir  to  meet  the  accelera- 
tion and  anticavitation  requirements. 

The  reservoir  fkall  include,  as  an  integrated  cr 
separate  element,  a relief  valve  for  protection  against 
overfill,  in  conjunction  with  accepting  the  maximum 
flow  back  to  the  reservoir  as  a result  cf  system  differ- 
ential during  operation. 

Fill  provisions  shall  be  in  cccordance  with  MIL-R- 
552C.  Filling  is  a function  primarily  of  the  type  of 
resenoir.  The  oper;  or  air-pressurized  reservoir  may 
live  filled  by  hand  with  fluid  poured  from  a can.  How- 
ever, this  method  has  obvious  disadvantages  in  that 
contaminated  fluid  easily  could  be  poured  into  the 
system.  Separate  air-fluid  reservoirs  and  bootstrap 
reservoirs  cannot  be  filled  conveniently  and  easily  b> 
pit  ring.  They  require  fill  carts,  or  equipment  such  as 
'land  pumps  that  can  generic  positive  flow  at  low 
pressure  This  type  of  filling  normally  is  ac- 
complished through  the  system  return  filter.  This  is 
desirable  because  contaminated  fluid  will  be  filtered 
prior  to  reaching  the  pump  inlet. 


Tbs  wt  tfKdi  lecbiMqtm  cuds  as  ULSifktstk  \ 
reurvoir  requinauasts  (refer  to  pan.  * 2.4,1  arssJ  9- 
2.4. 1.3).  Mftt&aaiecfty.  the  RLS  unit  must  he  iM*- 
grated  into  the  dec ig%  in  the  optimum  masscr: 
minnaum  txUnul  dyngraic  seals,  Nght«tq|it.  retis- 
t4c  operation,  etc.  Fuitdioniily.  must  be 

added,  depending  upon  the  specific  subsystem  cfev- 
ideristics,  to  alkw»  for  the  search  and  fat&  Eolation 
preocflMs. 

The  suction  outlet  should  its  a:  the  bottom  of,  or 
no  higher  than  the  middle  of,  the  reservoir,  relative  to 
norma!  full  levels.  In  the  case  of  nonxputted  reser- 
voirs, provide  a?  for  negative  g-transknl  operation 

<i«  marie. 

Flsikl  level  indio-km  shall  be  in  accordance  with 
M1L-R-S52C  and  detail  specifications. 

For  bootstrap  reservoirs,  the  high-pressure  side 
passages  shall  be  targe  enough  to  ntmitain  the  transi- 
ents due  to  reservoir  high-volume  change  rate  from 
excreding  3790  pai. 

Provisions  shall  be  included  for  an  air  Mood  at  the 
highest  point  of  the  reservoiT  as  it  it  installed  in  the 
helicopter.  Manual-operation  capability  is  required. 
Ccrsiun  tion  JoS’i  be  given  to  the  possibility  of 
automati  bked  on  startup  in  addition  to  the  manual 
bleed. 


*-2.7.5  Pressure  R<rJJ*f 


System  relief  valves  ore  required  to  provide  for 
possible  pump  control  failure.  The  requirements  are 
covered  in  MIL-V-8813.  and  a Military  Standard 
(MS)  scries  of  qualified  valves  is  available.  However, 
MS  valves  arc  in  separate  housings;  where  integrated 
modules  and  service  renters  are  chosen,  the  func- 

IiamoI  nurir  vf  tka  fofC  tioln*  mioo  kr  1*4  iat* 
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the  package.  Consideration  should  be  given  to 
routing  the  relief  flow  through  the  hydraulic  system 
cooler.  This  could  prevent  system  overheat  under 
conditions  where  the  relief  valve  on  the  pump  com- 
pensator malfunctions.  The  standard  system  relief 
valve  rarely  operates,  and  therefore  can  Ik  quite  sim- 
ple in  design. 

Where  high  icsponse,  frequent  operation,  and/or 
njrrow  rcscat-fullflow  requirements  dictate  a non- 
standard design,  consideration  must  be  given  to  the 
dynamic  performance  characteristics.  This  will  in- 
clude damping  provisions,  such  as  a hydraulic 
dashpot. 


*-2.7.6  Pressure  Regulation 
Pressure  regulators  or  reducers  generally  are  used 
to  step  the  system  pressure  down  for  use  in  a specific 
subsystem.  The  detail  requirements  for  these  units  are 
covered  by  MlL-V-894*.  The  reducers  may  include 
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rdid  valveb  lor  protoctiofl  of  the  subsystem  in  the 
i»wt  the  reducer  fails.  The  performance  or  regula- 
tion nuy  be  absolute  (based  on  atmospheric  pressure) 
or  differentia)  (maintenance  or  a specific  pressure 
level  above  the  return  pressure  at  the  reducer  in- 
staltetion  point). 

*-2.7.7  Filters 

Adequate  nitration  is  cmcntia!  to  satisfactory 
operation  of  the  hydraulic  system.  MSL-F-8815 
covers  the  detail  requirements  for  the  housings  and 
dements.  Fiber  dements  nre  discunaed  in  par.  9- 
24.4,3. 

The  fiirt-hdklinf  versus  differential-pressure  char- 
acteristics are  shown  in  Fig.  9-34.  They  are  quite  non- 
linear, i.c..  a significant  amount  of  contamination 
will  be  retains?!  before  there  is  a noticeable  increase  in 
differential  pressure.  Differential  pressure  indicators 
are  required  in  order  to  signal  that  the  dement  is 
loaded  with  contamination  and  requires  replace- 
ment. 

MIL-F-F8I5  requires  that  an  automatic  shutoff  be 

nrnyifM  in  that  i minimuin  tntnunl  pf  fluid  jt  !p*t 
when  the  element  is  removed. 

Thermal  lockouts  are  used  to  keep  the  differential 
pressure  indicators  from  operating  below  a specified 
fluid  temperature  level.  This  allows  cold  starts,  in 
which  the  high-viscosity  fluid  would  cause  high- 
pressure  drops  across  the  element,  thus  causing  the 
differential  pressure  indicator  to  operate. 

A time  (May  is  used  to  keep  the  differential 
pressure  indicator  from  operating  as  a result  of  tran- 
sient peak  flow  pressures.  The  contamination- 
holding  capability  then  is  referenced  to  steady-state 

fl tlta  alawo.ot  lifn  lime  attotWArA/l 
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without  penalty  to  the  system. 
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Figure  *-34.  Filter  Ukmx  Dhi-hoi&Ng 
Characteristics 


A bypaw  relief  is  und  to  limit  the  differential 
pressure  across  the  filter  dement  so  that  system  per- 
formance degradation  w controtfed  during  transient 
low-temperature  operation. 

The  interactions  of  the  relief  valve,  thermal 
lockout,  djikmtul  pressure  indicator,  and  dement 
dean-dirty  differential  pressure  characteristics  are 
important.  The  various  requirements  must  comple- 
ment cadi  other  if  the  filtration  is  to  function  effec- 
tively. Fig.  9-3S  shows  a typical  composite  perform- 
ance curve.  This  curve  must  be  and  as  a toed  during 
design  in  order  to  detronrae  the  various  perform- 
ance requirements  and  * insure  they  are  coraplc- 
mentury. 

The  requirement  for  an  dement  differential 
pressure  indicator  is  covered  in  MIL-F4SI5,  and 
calls  for  70  ± SO  psi  differential  capability  ftx  a 3000- 

pii  svrtsw,  dement. 

Migration  of  the  fluid  filter  media  is  not  accep- 
table. This  facet  must  be  considered  during  refection 
of  the  media  to  be  med.  If  necessary,  additional 
tailing  skttU  be  conducted  so  as  to  confirm  that  the 
media  is  i4eaui  'e, 

*-2.74  Check  Vah**» 

Check  valve  requirements  arc  covered  by  MIL-V- 
25675,  and  AN  check  valves  are  available  that  meet 
Type  I (I60°F  max)  syrtent  requirements.  Mois- 
turize," check  valves  are  available  for  Type  II  system 
(275*1-  max),  and  provide  a weight  arid  cost  livings. 
Nonstandard  cartridge  check  valves  that  can  be  used 
in  integrated  packages  also  are  available. 
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The  iftinkturistt!  check  valve,  with  iu  inherent 
iow-itwriis,  hifch-raporue  chflOBflerisiics,  can  be 
u ud  quik  effectively  to  keep  Iransienu  o'  one  sub- 
system from  imposing  unnecessary,  potentially 
damaging  streaacs  on  the  other  subsystems.  Far.  9 
3 .2.0.  I contains  further  discuuuon  of  chick  valves. 

*-2.7 .*  Pres mat  SsriJetea 
The  prsau/e  switch  generally  is  used  to  operate  a 
system  failure  ♦anting  *ighl  in  the  'jockprt.  The 
xwitcltct  may  be  sensitive  to  either  absolute  or  differ- 
ential pressures.  The  absolute  or  aUnospht.r;-;. 
pressure-  Haled  type  generally  is  used.  A desirable 
feature  of  this  ty  pe  is  its  ability  to  retain  the  system 
fluid  if  the  fluid  seal  fails,  hy  using  the  case  as  a 
pressure  vesaeii. 

*-2.7.ld  Picaaare  TiransMsiltera 

Preset! re  cranwoittc/s  ate  required  in  order  to  con- 
vert piesstrt  in  an  electrics!  signal  for  transmission 
to  the  cockpit  ir,  order  to  provide  the  pilot  with  r 
visual  i/idkatior.  of  the  system  pressures.  Although 
MS  standard  unit;,  fre  available,  they  so.-  large, 
heavy,  and  obsolete  Mininiurizcd,  slateur -iSwatt 
units,  which  a’.cj  provide  a icd-safc  feature,  are 
available.  The  uansniiiltr  care  cf  such  a unit  n 
design to  tolti»,te  full  system  prcssui c,  thus  efnv.i- 
nating  less  of  the  sys’cn  when  the  sensing  u nit  fail*  as 
a pressure  vessel.  The  MSI  standard  unit  requires,  a 
pressure  transient  snubbing  device  for  p.ctt-ctior., 
plus  a fuse  in  the  evert  the  sensing  device  fails:  the 
improved,  mimaturired  units  do  not  need  snubbers 
and  fuses. 


a.  I Co'^yliSl- 


The  selector  valves  for  nc>nmodu*a'iny,  tonti  ol  of 
subsystems  msy  be  operated  cither  nistriusUy  or  elec- 
trically. MII.-H-8775  covrrs  their  design  require- 
ments. 

Valve-,  tavj  tf  classed  as  oontrail,  full-trail,  or 
half-ltaii.  The  "trail " indicates  whither  thr  cylindei 
ot  subsystem  operating  ports  are  connected  to  return 
when  the  valve  is  i.i  the  neutral-pie-, sure  blocked 
position  T he  vah  i.  is  in  the  fuil-tm!  condition  if  the 
operating  ports  are  connected  to  return.  Fig.  9-36  is  a 
schematic  representation  of  the  various  trail  con- 
ditions. 

The  valves  may  have  t.vc,  three,  or  four  com- 
manded positions.  Specialized  or  multiple  valves  my 
have  more  positions.  Fig.  9-37  shows  examples  of  the 
two-,  three  . and  four  p.-sition  vaires. 

The  vatvet  miy  be  two  . three-,  four-,  five-way,  or 
more.  The  "way”  refers  to  the  number  of  ->om  o't  ilu, 
valve,  A cc»figu:ation  with  tcvnJ  outlet  bosses  for 
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one  rc.urn  section  in  a manifold  would  be  counted  as 

one-way. 

Tl-.c  valves  may  be  either  pilot-  or  dircct-oK^-1^- 
Direct  operation  usually  is  associated  with  low  ftows 
Staging,  using  pi*o<  valvcr,  is  requited  »n  order  to 
handle  laige  f;i * ws  eilcctivciy  jnd  efficiently.  Fifes.  9- 
38  and  9-39  present  schematicii  of  both  control 
modes. 
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Minimum  torct  levels  are  mini  rai  for  sasisfocti-r) 
wroefc  in  out-  where  cdataatiuation  of  tny  signifi- 
cant k pc&sibk.  For  tin  M ’kiia.  kppec  spW  sleeve 
**5  bsH-poppea  type  valves.,  a tCvK>  ninkaum 
«pcrsu*£  force  i*  required.  For  the  Un»r»,  t&omrd- 
*f« ge,  U^ped  qroovil^vvi,  a 40-!i»  minimum 
operating  force  is  requires?. 

RETURN  PRESSURE 


The  vaive  opera' sag  time  a impmia*;  M cot/ 
irotiiug  “water  hammer"  and  return  **«  u.asitm. 
due  to  release  of  3000-pd  levels  into  th  mures  w- 
tvaataRcousiy.  Slow  operational  un*.  rspumite 
arc  oriented  primarily  toward  fast  opera' mg  sole- 
noid valves.  Fig  9-40  shows  daneUim  nr.  that  arc 
satisfactory  for  most  systems. 
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Figaro  4~5i.  Cfiireci-egim'auKti  Valve 
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Figure  9-re  Valve  Operating  l iant 


The  non— I pnuw*4<H«lun  tea Lop.  duncMr* 
ialtcs  of  ifee  vah«  will  provide  t fml-sa*  fe&sywe  if  Uk 
ntbiyleai  it  aftac-d  by  wwitinj  air  or  inadvertam 
cavumien.  Tfc*  level  of  Una  feat.  noucuw  it  u»sb 
(bat  the  rntnou  «ili  not  U.  depicted  to  a normal* 
darotioa  0#t.  F«.  9-41  ebon*  the  fniuitt  of  tbit 
RPS  Hdu%<  (nfcr  to  (tar.  9-2.6.I.3).  MCB  m- 
eapu  are  dhoa— 6 m KfAPi.  TR-70  SO  and  in  par. 
MAI. 

Tbs  satenoMfc-apstatal  pilot  « w may  be  coa- 
fifurai  m that  they  ate  man—  to  neutral  either  by 
spring  ittitt  « bj r lbs  njiaauid.  The  t pnpp  gcfeetehy 


an  cofelj^nd  as  the  MO-  to  Wyai  agtnvJant  ' 
pwe aws  fcrvaS  due  to  other  oraflumau.  Tkanfan,  tba 
iu-to*(«^tia«t.it>m  capability  of  MkyiMw 
pnaastn  provides  that  mod*  ausgio  far  Imnfang 
emuaiwatu  amt  fagto  firiesso*  Am  to  gaKog  or 
seating,  and  « tba  gwefamd  method  of  MMWK(4«gt 
opera**®*-  Fig.  9*42  rriffite  arhmaatka  of  hath  ap* 
praochM. 

9-2.7.12  Rmartettm 

Reukton  an  wad  » nttfttm  rata  oaotrol 
davt eu  wban  p»scsw  omusI  ia  oat  raqaisnd.  Tbay 
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PfttSaiRi:  CONTROL  AREA 

(A)  THE  PILOT  VALVE  CONFIGURATION  SrtOKIN  IS 
FOR  F0%'ER  RETURN  OF  MAIN  SECTION  TO  THE 
DE-ENERGIZED  POSITION 


[solenoid] 


PRESSURE  CONTROL  AREA 

(B)  TH.  PILOT  VALVE  CONFIGURATION  SHOWN  IS 
FOR  SPRING  RiTLKN  OF  HfiAiH  StCl  iON  TO  THE 
DE-EKERGIZED  POSITION 

Ffewr  W.  Ptwer  m 6)»cN(  Mm  SutiM  Vaht 
ft*to»  to  vUo**l 


m<j  L-  etlht:  two-way  or  one-way  Screen  contami- 
nation prctec-nm  it  reqi  .pou  for  orifices,  with  a dia- 
meter smalm  duw  0.070  m.,  as  spec  fjc^  in  MlL-H- 

54^0 

Generally,  tae  ideal  loci. Ton  for  Jk  rcurctors  is  in 
tht.  actuator  device.  They  may  be  tint  idgtc  o p -eta- 
in  units  sue!  at  the  Lee  jets.  Tau  arrantjs.  iis. 
localizes  requirement  in  Must  tens  Wvisre 

Miisiint  reads  can  cause  high  press-  « In  addiuusi. 
external  ieait  point  are  reduced.  Flow  from  a zes..ac- 
lor  can  have  destructive  effects  w«ci  ckii*wmb3 
directly  into  a hydraulic  host  ineor  late.  * tree 
bene  This  snculd  be  avoidsc  A pruna  1 lea  are  T 
ounce  restrictors  is  taat  they  are  telau  <ei\  in«c.ts : <e 
to  temperature  change;  the  pi  .tsr  urc  d t\  for  . so 
flo*  varies  with  the  density  of  the  fie  a 

The  octal  requirements  fer  icstricio  —at*  covered 
in  MIL-H-5440  and  MSL-V-25517. 

9-1.7.13  Sefwtsle  Seram 

Separate  servos  an  requires.  for  SAS  CAd,  and 
other  such  apouctoon:  watre  requirement*  an  mat 
or  caaw,  ue  intqgiateu.  into  the  flight  conuroi  aeur- 
itun.  Servos  may  *c  used  for  either  single  or  tfeu 


systems.  The  control  of  the  output  ram  is  via  an  elcc- 
trohydrautic  vulve  that  converts  the  electrical  com- 
mands into  the  appropriate  actions  The  total 
package  includes  electrical  signal  feedback  devices, 
and  the  preferred  device  is  a linear  variable-differ- 
ential transformer  (LVDT).  The  preferred  clcctrohy- 
draulic  concept  is  the  jet  pipe  valve,  which  is  inher- 
ently tolerant  of  contamination.  Fig.  9-43  shows  a 
schematic  of  a typical  single-system  servo.  Separate 
servos  generally  are  series-type  control  devices,  and 
incorporate  a position  lock  that  is  activated  when  the 
system  is  not  actuated  or  when  system  pressure  is 
lost.  MIL-V-27162  covers  servo  control  valves. 

9-2.7.14  Altawabie  Extents!  Leakage 
Consideration  should  be  given  to  leakage  levels  for 
dynamic  seals  in  both  static  and  operational 
situations.  ARP  1064  defines  realistic  in-service  re- 
quirements for  static  and  dynamic  seals. 

9-2J8  HYDRAULIC  SYSTEM  INSTALLATION 
The  paragraphs  that  follow  discuss  the  proper  in- 
stallation and  support  of  hydraulic  lines,  hoses,  and 
components.  The  requirements  also  are  discussed  in 

ARP  994. 

9-2.lt.  I Use  of  Hoses  awl  Swivels 

Hoses  and  swivels  may  be  heavy . costly,  and  can  be 
a maintenance  problem.  Therefore,  use  of  these  items 
shall  be  minimized.  Desirable  alternatives  for  hand- 
ling relative  motion  include  coiled  tubing  and  fixed- 
body  actuators,  with  articulating  links  between  the 
actuator  and  the  control  surface  01  subsystem  func- 
tion where  applicable. 

V-IM.Z  Maim* Mace  Access 

In  order  for  the  weight  benefits  of  permanent,  fit- 
tings to  be  realized,  the  hydraulic  installation  must  be 
located  behind  other  removable  equipment  and  in- 
stallations 

Filter  elements  shaft  be.  Rivaled  so  as  to  permit  easy' 
access  oa  doors.  Differential  pressure  indicators  afar// 
be  taker  fiu.m  with  the  skin  or  visible  through  trans- 
parent skin  sections  or  nonsiructura!  single-  or  two- 
button  doors.  Thu.  is  ncces  ary  because  a check  of  the 
pressure  level  i:  required  during  prefiight. 

All  separubi  connections  shall  be  relatively 
at  essible  since  .hey  are  employed  to  permit  com  po- 
rn. 1 rotiova.  and/or  removal  of  lines  for  access  to 
other  cqppim  it. 

A visual  check  of  the  reset  /t»r  fluid  level  condition 
shot. Id  oe  possible  wit  hem  removal  of  access  panels. 
I fit,  and/or  bleeding  is  required,  access  to  these 
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Figure  9-49.  Typical  Separate  Servo  Actuator 


areas  shall  require  no  more  than  removal  of  quick- 
access  doors. 

RLS  devices  shall  have  ground-checkout  capa- 
bility (refer  to  par.  9-2.6. 1.1).  Manual  operating  but- 
tons may  be  provided,  along  with  operating  indi- 
cators on  each  subsystem  to  indicate  which  sub- 
system is  shut  off.  Visual  access  to  the  operating  in- 
dicators shall  be  provided  — prefer  ably  without  need 
for  door  opening.  Access  to  the  manual  operating 
buttons  may  be  through  conventional  access  doors 
since  their  checkout  will  be  required  only  periodical- 
ly. 

Access  requirements  are  discussed  in  MII.-K-5440. 

9-2.8. 3 Hard  Versus  Soft  Installations 

The  tubing  installations  may  be  hard  (rigidly  held 
in  place)  or  soft  (compliant).  Each  approach  may 
work  satisfactorily;  however,  they  cannot  be  mixed 
successfully.  The  use  of  a hard  point  as  a fitting  in  a 
relatively  noncompliant  bulkhead  — for  instance,  in 
coi*<unction  with  damps  some  distance  away  — can 
be  disastrous.  At  worst  vibration  condition,  the 
clamps  will  allow  enough  motion  of  the  line  so  that 
flexure  at  the  bulkhead  fitting  will  result  in  excessive 
bending  stresses  and  fatigue  failures.  The  preferred 


installation  is  the  soft  or  compliant  type,  with  damps 
or  blocks  close  er.uugh  to  the  component-altach 
points  so  that  excessive  stresses  do  not  develop.  The 
installation  shall  be  designed  with  the  known  or  esti- 
mated vibration  environment  in  mind  so  that  system 
resonance  does  not  occur. 

Clamps  and  blocks  may  be  used  to  advantage. 
However,  it  is  not  desirable  that  they  be  mixed.  ARP 
994  discusses  their  use  in  detail. 

9-2.S.4  Cofoswl  Ms w ting  Concepts 

Component  installation  can  be  classified  as  fol- 
lows: 

1.  Separate,  independent  components 

2.  Integrated  packages  with  cartridge  components 
in  a common  housing 

3.  A pressure-return  manifold  with  “mount-on” 
components. 

The  installation  trend  is  to  integration  or  mani- 
folding. Primary  reasons  are  the  resultant  reduction 
in  external  leak  points  and  the  weight  savings.  An  op- 
timum approach  may  be  an  integrated  pump-icser- 
vc  ir  package,  a separate  service  center  that  would  in- 
clude all  other  components  except  the  control  surface 
actuation  or  suosystem  operating  device.  In  any 
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event,  each  helicopter  design  must  be  assessed  indi- 
vidually  in  conducting  the  system  installation  trade- 


off. 


MAS  MbctflaoNm  " esHatka  Ccmitoaltosr 

Components  requin, . frequent  maintenance  shall 
be  accessible.  Such  units  as  fluid-driven  air  compres- 
sor!, pumps,  and  filters  must  have  unusually  good 
access  in  order  to  allow  adequate  servicing. 

Components  that  require  frequent  maintenance, 
such  as  filters  and  pneumatic  chemical  driers,  shall  be 
mounted  rigidly  in  order  to  avoid  damage  during  ser- 
vicing. 

Natural  dirt-coUccong  areas,  such  as  brake  valves 
under  Ike  cockpit  floor,  shall  be  considered  in  plan- 
ning system  installation. 

A typical  example  of  improper  insulation  is 
routing  of  lines  through  a wheel-well  area,  where 
leaking  air  can  cause  strumming  of  both  normal  and 
emergency  lines.  Attachment  of  lines  to  a panel  that 
may  vibrate  will  have  a similar  effect.  Proximity  to  a 
common  fire  hazard  also  must  be  avoided.  Separa- 
tion of  lines  shall  be  accomplished  after  consideration 
cf  si!  environmental  hazards. 

The  designer  shall  avoid  installations  in  which  an 
engine  mount  failure  can  drop  the  engine  on  crnic-.l 
lines  or  components  and  thereby  increase  the 
poeoibility  of  losing  the  helicopter. 

9-2.9  MISCELLANEOUS  DESIGN  CRITERIA 

Industry  experience  vith  previous  hydraulic 
systems  and  component;  has  revealed  many  miscel- 
laneous design  aspects  that  shall  be  considered.  The 
paragraphs  that  follow  piescnt  some  of  these  con- 
siderations. 

9*2-9. 1 Actuators  and  Associated  Equipment  Design 

For  protection  against  dynamic  shaft  seal  failures, 
the  designer  should  consider  use  of  dual  seals,  with  a 
return  vent  incorporated  between  the  seals  (Fig.  9- 

44). 

The  design  of  the  electrical  system  with  regard  to 
ckctrohydraulk'  servo  valves  shall  avoid  dither 
signals  that  cause  valve  oscillation  and  actuator  dy- 
namic seal  wear.  Protection  against  electromagnetic 
interference  susceptibility  shall  be  required. 

Linkage  pivots  on  flight  control  actuators,  con- 
sisting of  friction-held  journal  bushings  with  loo  re 
tolerances,  require  critical  shimming  in  order  to  ob- 
tain the  alignment  necessary  for  free  operation.  Ball- 
bearing pivots,  with  provisions  to  prevent  overtor- 
quing  and  operating  in  system  return  fluid,  are 
preferred  in  order  to  prevent  binding  of  control-valve 
linkage. 


The  design  of  actuator  valving  should  include  pro- 
visions to  prevent  fluids  being  trapped  at  the  ends  of 
the  mein  control- valve  spool. 

Actuator  pistons  shall  act  bottom  against  internal 
actuator  scops  during  autopilot  (stability  augmenta- 
tion) input,  coupled  with  the  .’extremes  of  manual  in- 
put and  rigging  end  manufacturing  tolerances. 
Erratic  stability  augmentation  inputs  during  taxiing 
can  cause  excessive  loads  due  to  hammering  against 
stop*,  litis  condition  shall  be  taken  into  account 
during  testing,  as  well  as  in  design. 

Internal  hydraulic  stops  in  cylinders  shall  incorpo- 
rate snubbing,  or  shall  be  strengthened  sufficiently  to 
prevent  fatigue  loading  failures  (Fig.  9-4$)-  Rigging 
alone  should  not  be  considered  in  order  to  prevent 
fatigue  loading.  However,  the  designer  should 
emphasize  the  rigging  of  controls  to  ttick-stcp  limits 
to  avoid  actuator  bottoming. 

To  prevent  blow-by.  Teflon  piston  seals  should  be 
avoided  in  an  actuator  that  also  must  operate  pneu- 
matically. Piston  rings  shall  be  used  on  piston  heads. 
Appropriate  seals  should  be  considered  for  long- 
stroke,  large-bore  actuator  cylinder  applications  to 
alleviate  chances  of  rolling  and  subsequent  damage  to 
seals. 
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Figure  9-44.  Dual  Seals  With  Return  Vent 
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Internally  threaded  actuator  endcapi  utilizing 
AND  19030  host  sealing  design,  as  shown  in  Fig.  9- 
4e(B),  should  be  avoided.  Leakage  can  be  causal  by 
squareness  of  threads  to  boss  surface  and  torquing 
problems.  In  addition,  end  caps  that  are  threaded  in* 
tern  ally  into  a cylinder  barrel  and  locked  with  a jam 
nut  are  subject  to  barrel  stretch  under  pressure.  This 
can  result  in  leakage  or  loosening  of  the  jam  nut.  Suf- 
ficient material  thickness  in  the  cap  area  is  required. 

Viscous  dampen  shall  be  self-servicing  from 
system  return  fluid. 

Use  of  Zcrk  grease  fittings  for  servicing  of  hydrau- 
lic components  shall  be  avoided. 

In  order  to  minimize  binding  and  seal  wear  from 
actuator  side  loading,  a minimum  overlap  of  oik 


(A)  CORRECT 


piston  diametfe-r  shall  be  provided  for  piston  and  rod 
bearing  areas  u the  fully  extended  position  (see  Fig. 
9-47). 

Safety-wiring  of  piston  head  retaining  nuts  to  a 
piston  head  that  can  route  on  the  piston  shaft  is  not 
acceptable  as  a locking  method.  Use  of  ircking 
devices  such  as  the  NAS  339  keys  as  shown  in  Fig.  9- 
41  should  be  considered. 

*-2.4.2  Brake  Design 

Excessive  wheel  brake  torque  can  cause  brakes  to 
grab.  Reduction  of  effective  wheel  brake  piston  area 
ir>  order  to  increase  the  pressure  required  for  a given 
brake  torque  is  a suitable  corrective  action. 

The  broke  control  valve  input  shaf  shall  have 
adequate  bearing  surface  area,  and  should  not  be 
subjected  to  wh  loading  from  hoses,  etc.,  so  as  to  .«• 
sure  smooth  brake  valve  operation  and  full  release. 


BEARING  OVERLAP - 
ONE  PISTON  DIAMETER 


jhipn  9-47.  Bearing  uwuf 
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LOCKING  KEY 


Figure  9-44.  Avoid  Internally  Threaded  End  Caps 
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Figure  9-48.  Piston  Head  Retaking  Nat 
Locking  Key 
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W.W  Control  System  Design 

Flight  control  system  assemblies  shall  have 
'adequate  clearance  guards,  or  otherwise  be  pro- 
tected, to  afTord  maximum  protection  against  jam- 
ming by  foreign  objects. 

The  designer  shall  avoid  routing  flight-control 
linkage  through  areas  in  which  its  removal  is  required 
in  order  to  replace  the  engine. 

Cable  tension-retaining  devices  shall  be  considered 
as  a means  of  preventing  control  cable  tension 
changes. 

Ovcrlorquing  of  control  system  bolts  shall  not 
result  in  increased  friction  during  operation. 

The  use  of  special  bolts  shall  be  avoided. 

9-2. 9. 4 Electrical  Design 

Electrical  connections  to  hydraulic  components 
shall  have  a mechanical  strength  icquiremcnt  consis- 
tent with  maintenance  handling  requirements  Wires 
should  be  buried  in  the  installation  if  possible. 

To  simplify  troubleshooting  and  component  re- 
placement. hydraulic  or  pneumatic  components  in- 
corporating an  electrical  function  shall  have  integral 
electrical  connectors  for  removal  and  replacement. 

Foiling  compounds  must  not  require  a higher  heat 
cure  than  can  be  withstood  by  electrical  insulation. 
The  compounds  also  must  be  compatible  with  subse- 
quent processes  applied  to  the  assembly  during 
manufacture,  such  as  welding  or  baking  for  epoxy 
cure  or  strain  relief. 

Proper  manufacturing  of  electrical  connectors 
requires  that  only  the  wire  should  enter  the  soldering 
connection.  The  first  layer  of  insulation  of  the  wire 
should  enter  the  potting  compound  so  as  to  provide 
moisture  leakage  protection  (Fig.  9-49).  The  braided 
insulation  should  be  clamped  adequately  a the  con- 
nector inlet,  and  should  not  enter  the  potting  com- 
pound in  such  a manner  as  to  provide  a leakage  path. 

Higher  quality  electrical  parts  should  be  used  in 
place  of  MS  parts  in  critical  applications  where 
failure  creates  a high  probability  of  catastrophic 


effect.  Detailed  failure  analyses  of  electronic  and  elec- 
trical circuits  are  required  in  order  to  determine 
where  use  of  such  higher  priced  parts  is  justified 

A positive  fix  is  required  in  order  to  prevent  run- 
away trim  actuators.  One  possibility  is  stepped  motor 
operation. 

Two  electrical  actuators  in  parallel,  with  braking 
when  dc-cnergized,  must  have  independent  electrical 
inputs  so  that  the  first  actuator  to  complete  its  stroke 
can  be  de-energized  and  braked. 

9-2.9.S  Filter  Design 

Filters  shall  be  installed  in  the  pump  drain  line 
prior  to  its  entry  into  the  oil  coolers.  (Installation 
downstream  of  the  coolers  will  allow  trapped  pump 
particles  in  the  cooler  to  recontaminate  a replace 
filter  element.)  Proper  flushing  of  a cooler  is  impor- 
tant. 

For  T-valvc  installations,  central  filtration  should 
be  used  in  order  to  avoid  differential  flow  as  the  in- 
dividual filter  pressure  differential  changes  (Fig  9- 
50). 

All  restrictors  with  hole  sizes  of  under  0.070  in 
should  incorporate  filters. 


PRESSURE 


(A)  INCORRECT 
PRESSURE 


ngwt  9-49.  Properly  AvoekM  Electrical  Connector 


Figure  9-50.  T-hIk  Central  Hltritii* 
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Test  nitration  should  not  exceed  that  of  the  com- 
ponent in  actual  use. 

9-2.9.6  Fittings  Design 

Hydraulic  fittings,  such  as  AN  633  universal  hulk- 
head  types,  when  installed  in  a valve  port,  can  result 
in  internal  valve  interference  or  restricted  fluid  flow. 
Component  port  design  and  fitting  selection  shall  be 
such  that  interference  cannot  occur. 

Pump  fittings  — and  suppressors,  if  incorporated 
— shall  be  torqued  to  maximum  allowable  values  in 
order  to  prevent  loosening  and  subsequent  loss  of 
fluid.  Use  of  an  acceptable  locking  device  is  advisable 
for  any  large  fitting  in  high-pressure  application. 

The  use  of  pipe  plugs  for  external  sealing  of  drilled 
passages  can  lead  to  internal  stresses  in  component 
housings,  resulting  in  cracks.  The  Lee  plug  produces 
less  stress  concentration  and  should  be  considered. 

9-2.9.7  Gage  and  Indicator  Design 

It  generally  is  good  design  to  include  fuses  as  well 
as  snubbers  at  the  upstream  ends  of  the  lines  leading 
to  gages  and  indicators.  An  alternative  is  to  install  the 
pressure  sensors  into  fittings  in  the  system  line  in- 
stead of  in  an  appendant  line.  Heliroil  sensing 
elements  are  recommended  instead  of  Bourdon  tube 
types. 

Gages  with  Bourdon  tube  or  rack  and  pinion 
gearing  shall  be  avoided  for  use  as  pressure  indi- 
cators. The  transmitter  should  be  connected  to  the 
system  with  flexible  hose  or  with  a tube  having  suf- 
ficient bend  to  absorb  vibrations. 

Gage  cases  shall  incorporate  a vent  hole  to  prevent 
buildup  of  case  pressure  if  the  sensing  element  leaks. 
The  vent  hole  should  be  covered  with  tape  to  prevent 
corrosion. 

9-2 .9.8  Hose  Design 

Realistic  design  and  testing  of  devices  such  as 
brake  control  vaives  must  take  hose  side  loads  into 
account. 

Hose  routing  or  sizing  shall  prevent  cross-con- 
nection at  actuators.  However,  deviations  from  nor- 
mal hydraulic  practices,  such  as  use  of  return  hoses 
that  arc  smaller  than  pressure  hoses,  shall  be  avoided 
because  such  deviations  can  have  an  adverse  effect. 

9-2.9.9  Pump  Design 

Insuring  compatibility  of  the  pump  with  the  system 
requires  determination  of  the  effects  of  low  inlet 
pressure,  high  case  drain  (or  bypass)  back  pressure, 
and  the  interaction  of  the  two  on  the  internal  balance 
of  the  pump.  Back  pressuie  also  can  cause  reduced 

9-30 


cooling  flow,  leading  to  shortened  pump  life.  Com 
patibility  determination  includes  analysis  of  the 
nature  of  the  contamination  generation  properties  of 
the  pump;  sufficient  filters  must  be  used  to  keep  back 
pressure  low  within  a reasonable  cleaning  schedule 
while  maintaining  a clean  fluid  supply  for  the  pump. 
Two-pump  system  design  shall  consider  large,  non- 
bypass filters  in  the  drain  line  of  each  pump.  Should 
bypass-type  filters  be  used  to  insure  low  purnp  case 
pressures,  the  flow  shall  be  routed  through  a second, 
larger  return  filter. 

Pulsations  resulting  from  pump  ripple,  which  may 
be  intensified  by  system  resonance,  can  be  deter- 
mined by  oscilliscopc  scanning  of  the  pressure 
through  the  range  of  operation.  Peak  pulsations  shall 
be  kept  below  ±150  psi  (300  psi  total).  Pressure 
pickups  must  be  in  the  line  (not  on  appendages),  and 
shall  be  located  at  the  pump  and,  at  least,  at  the  first 
downstream  component.  The  optimum  design  fur- 
nishes some  elasticity  to  the  system  at  the  pump  out- 
let port.  Short,  dead-ended  lines  near  the  pump 
require  particularly  close  scrutiny,  and  should  be 
avoided. 

Pump  cavitation  will  result  if  reservoir  pressuriza- 
tion is  not  sufficient  to  accelerate  the  fluid  in  the  suc- 
tion line  to  a flow  rate  compatible  with  pump  dis-  ' 
placement.  This  condition  is  likely  to  be  a more  cri- 
tical  design  condition  than  is  the  steady-state  flow  re- 
quirement. Qualification  testing  of  pumps,  particu- 
larly those  for  use  in  power-control  systems,  should 
include  suction  and  demand  requirements  based 
upon  the  condition  of  the  application. 


Connecting  two  or  more  pump  systems  from  a 
common  routing  can  result  in  priming  problems,  with 
a momentary  interruption  of  inlet  flow  resulting  if 
reservoir  pressurization  is  low. 

if  ihc  normal  system  pump  is  pumping  air  and 
cavitating  a bootstrap  reservoir,  the  auxiliary  pump 
can  be  affected  adversely  by  the  low  bootstrap  supply 
pressure,  and  may  not  prime.  A check-off  accumu- 
lator may  be  required  in  order  to  maintain  bootstrap 
pressure  with  loss  of  norma'  system  pressure. 

Centrifugal  pump  operation  with  an  outlet  flow 
blockago  can  result  in  overheat,  thus  causing  seal  or 
case  (structural)  failures.  Therefore,  bypass  flow  for 
cooling  shall  be  provided. 

Pump  testing  shall  include  realistic  case  drain 
system  characteristics.  The  internal  leakage  of  a hy- 
draulic pump  is  necessary  for  lubrication  and  cooling 
of  the  pump  mechanisms.  However,  the  subsystems 
into  which  the  flow  i$  discharged  vary  among  heli- 
copter designs.  The  designer  shall  specify  the  case 
drain  system  characteristics  to  insure  adequate 


• .* ' • 


AMCP  706-202 


housing  strength,  shaft  seal  capability,  and  pressure 
conditions  during  the  pump  qualification  testing. 

Water  hammer  limiting  is  discussed  in  par.  9-4.2, 
AMCP  706-201. 

9-2.9.10  Resmoir  Design 
Bootstrap  reservoir  design  shad  incorporate  suffi- 
cient piston  force,  in  a static,  no-pressure  condition, 
to  facilitate  reservoir  servicing  and  bleeding. 

Reservoirs  shall  be  designed  with  the  air  bleed  vent 
high  and  the  suction  outlet  low.  The  overboard  relief 
flow  capability  shall  be  sufficient  to  prevent  reservoir 
damage  during  improper  or  emergency  opetalions, 
such  as  system  operation  with  an  overfilled  reservoir 
or  overfilling  during  reservoir  servicing. 

The  designer  should  avoid  the  connection  of  two  or 
more  drain  or  vent  lines  together,  to  a common  over- 
board vent,  where  back  pressure  can  cause  back  flow' 
through  the  second  vent  system. 

With  hydraulic  power  present  in  one  system  only, 
high  rates  of  motion  in  large,  tandem  actuators  can 
pump  the  fluid  from  the  unpowered  section  back  to 
the  return  system  without  recovering  equal  fluid  from 
the  pressure  side  of  the  unpressurized  system.  Unless 
provisions  exist  to  djmp  the  returned  fluid  at  s low 
pressure,  damage  to  the  reservoir  and  other  low- 
pressure  ‘components  can  occur.  An  alternative  to 
dumping  is  to  equip  ground  test  carts  with  multiple 
connections  so  that  both  systems  may  be  pressurized 
simultaneously  during  checkout. 

Test  reservoirs  shall  be  representative  of  the  actual 
system  reservoir.  This  will  allow  viscosity,  fluid  tem- 
perature, fluid  settling,  and  fluid  aeration  test  con- 
ditions to  be  realistic. 

9-2.9.11  Valve  Design 

Check  valves  shall  be  installed  ir  subsystem  return 
lines  so  as  to  prevent  back  pressures  from  high  return 
flows  from  acting  upon  cylinder  locks,  dilTtrential 
cylinder  areas,  and  return  cavities  in  components  that 
may  fail  under  repeated  return  transient  pressures. 
The  miniature  check  valve  should  be  used  for  this 
application  since  it  has  a faster  response  time  than  the 
standard  AN  type.  In  addition,  balanced  areas  for 
lock  devices  are  recom  nended. 

Check  valves  shall  be  install  d in  the  pressure  lines 
of  subsystems  where  airloads  can  cause  a flow  rever- 
sal when  system  pressures  are  reduced  because  of  an 
operational  demand  upon  the  system.  A relief  check 
valve  shall  be  considered  if  overloading  can  occur  at 
) high  speeds. 

v--  ' Regula’ed  pressure  can  be  affected  by  transient 
\ buck  pressutes  at  the  valve  return  port  This  can  be 


corrected  by  installing  a fast-acting  miniature  check 
valve  in  the  return  line. 

Soft  seals  or  poppets  that  depend  upon  assembly 
compression  to  prevent  secondary  leak  paths  around 
the  material  may  leak  due  to  distortion  or  compres- 
sion under  operating  pressures.  This  can  be  prevented 
by  incorporating  static  O rings  to  protect  secondary 
leak  paths  (Fig.  9-51). 

The  designer  shall  avoid  use  of  self-locking  nuts  to 
hold  spring-loaded  adjustments. 

Part  concentricity  shall  not  be  dependent  upon 
thread  concentricity. 

Flow  paths  within  valves  shall  be  considered. 
Indexing  radial  holes  in  spools  or  placement  of 
springs  can  affect  flow  paths.  Poppets  with  flutes  can 
rotate  with  flow,  and  thus  may  be  desirable  in  some 
designs. 

Inadequately  designed  spring  guides  may  allow 
spring  loads  to  cock  spools.  Center  point  loading  at 
both  spring  ends  is  recommended.  Reduction  of  load 
upon  springs  that  are  heat  soaked  while  loaded  must 
be  a design  consideration.  The  designer  should  avoid 
tension  and  plated  springs.  For  springs  immersed  in 
fluid,  etc.,  17-4  PH  spring  material  should  be  used 
(refer  to  MIL-HDBK-5). 

Low-operating  force  valves,  such  as  soienoia-vaive 
pilot  sections,  should  be  designed  with  poppets  since 
spool  valves  arc  subject  to  sticking  from  contamina- 
tion (silting,  etc.). 

Vent  holes  between  two  seals  of  differential  areas, 
such  as  are  incorporated  ii.  return-line  dampers  and 
inline  balance  j relief  valve  designs,  shall  be  multiple 
or  indexed  to  insure  that  a leakage  trap  does  not  oc- 
cur. Unit  malfunction  may  result  if  the  veni  chamber 
becomes  filled  wuh  fluid  that  is  not  readily  discharg- 
able  through  a small  vent  hole. 

Direct-operated  solenoid  valves  shall  have  ade- 
quate return  spring  force  to  overcome  silting  action 
(chip  shearing). 

POTENTIAL 


Figure  9-51.  Secondary  Leak  Path  Seal 


Split-coi!  (holding)  solenoids  should  be  avoided  in 
valve  design.  Unreliable  operation,  caused  by 
starting-coii  switch  settings  and  malfunctions,  results 
in  overheated  solenoids.  This  problem  usually  over* 
rides  such  desirable  features  as  the  lower  weight  of 
split-coil  designs. 

Servo-valve-cover  deflections  or  shocks  can  cause 
valve  malfunctions  if  the  cover  is  mounted  upon  the 
servo  valve  motor  instead  of  the  main  valve  body. 
Adequate  clearance  between  cover  and  motor  should 
be  provided  in  order  to  minimize  effects  of  minor 
dents.  Covers  should  be  of  rugged  design. 

Hydraulic  pressure  surges  due  to  valve  spool  shift 
may  be  prevented  by  the  use  of  slow  valving  (ade- 
quate dead  band)  or  electric  time  delay. 

In  thr  case  of  electrically  operated  valves,  con- 
sideration shall  be  given  to  valve  positioning,  and  to 
the  effect  upon  the  system  should  electrical  power  be 
applied  inadvertently  to  two  electrical  inputs  die  to 
shorting,  etc.  Relays  can  insure  predictable  operation 
in  this  abnormal  situation. 

Hydraulic  emergency  overboard  dump  vaives  shall 
have  sufficient  flow  capacity  to  avoid  back  pressure 
buildup  that,  in  seme  system  designs,  can  divert  fluid 
to  the  reservoir  through  selector  valves  and  check 
valves.  Directing  fluid  to  the  reservoir  may  result  in 
reservoir  overpressurization  and  failures  under  cer- 
tain conditiuns. 

Differential  area  vent  set  I wear  and  leakage  can  oc- 
cur from  plunger  motion  during  normal  system 
pressure  fluctuations.  Long-life  seals,  or  valve  designs 
incorporating  little  or  no  plunger  motion  during  nor- 
mal system  pressure  fluctuation,  are  desirable. 

In  the  case  of  half-trail  valves,  internal  leakage 
when  in  the  neutral  half-trail  position  should  be 
evaluated  for  its  effects  upon  subsystem  operation. 
When  leakage  from  pressure  to  blocked  cylinder  port 
is  greater  than  leakage  from  block  cylinder  port  to 
return,  pressure  buildup  in  the  blocked  .circuit  can  oc- 
cur, resulting  in  unwanted  motion  or  loads  in  the 
blocked  circuit.  Excessive  leakage  from  the  blocked 
cylinder  port  to  return  can  result  in  unwarned  motion 
from  external  loads. 

High-pressure  tests  with  return  ports  capped  can 
result  in  overpressurization  of  components.  The 
return  proof  pressure  requirement  should  be  com- 
patible with  system  operating  pressure. 


$-2,9. 1 2 Lubrication 

Experience  indicates  that  graphite-loaded  grease 
tends  to  dry  up  in  high-temperature  antifriction 
bearing  applications,  leaving  a residue  of  hard  graph- 
ite that  interferes  with  proper  bearing  function. 


All  critical  joints  shall  be  lubricated  and  protected. 
The  lubricant  must  be  compatible  with  oiling. 

Lubrication  of  mechanisms  that  are  located  in  a 
high-temperature  area  can  result  in  jemmlng  as  a 
result  of  burned  oil  carbon. 

Left-  and  right-hand  component  lubrication  fit- 
tings shall  be  multiple,  or  shall  be  located  so  as  to  be 
accessible. 

Long  lubrication  paths  result  in  frozen  grease  and 
blocked  fittings. 

Unclamped  monoball  bearings  must  have  two 
grease  fittings  in  order  to  insure  proper  lubrication 
on  both  ID  and  OD. 

9-3  PNEUMATIC  SYSTEMS 

9-3.1  PNEUMATIC  SYSTEM  DESIGN 

The  decision  to  use  a compressed  gas  rather  than  a 
pressurized  liquid  as  a working  medium  in  a fluid 
power  control  system  is  made  during  the  preliminary 
design  phase.  The  various  trade-offs  to  be  considered 
in  making  the  choice  are  presented  in  Chapter  9, 
A.MCP  706-201 , The  paragraphs  that  follow  describe 
the  detail  design  considerations  for  a pneumatic 
system. 

9-3.1. 1 Systei « Analysis 

The  design  and  analysis  of  a pneumatic  system 
become  considerably  involved  when  nonlinearitics 
are  considered.  The  derivation  of  a mathematical 
model  describing  the  physical  phenomena  of  com- 
pressible fluid  through  a system  — where  the  fluid 
passes  through  restriction*  expansions,  changes  in 
direction,  etc.  — proves  difficult  and  results  in  cum- 
bersome, complicated  equations. 

For  example,  the  flow  within  the  system,  or  the 
pressure  drop,  will  vary  between  the  extremes  of  adia- 
batic flow  (no  heat  transfer)  and  isothermal  flow.  The 
basic  formulas  for  adiabatic  and  isothcrmul  flow  are 
given  in  par.  9-5.5,  AMCP  706-201.  The  formula  for 
calculating  the  maximum  inass  flow  of  air  within  a 
system  is  presented  in  the  same  paragraph. 

The  calculation  of  flow  through  nozzles,  orifices, 
^piping,  valves,  and  fittings  may  be  simplified  by  use 
of  charts  and  graphs  for  expansion  factors,  orifice 
coefficients,  critical  pressure  ratios  for  nozzles,  and 
relative  roughness  and  friction  factors  foi  p ping  and 
tubing.  Familiarity  with  the  simplified  equations  of 
Refs.  2 and  4,  and  use  of  the  tablet,  graphs,  and 
charts  contained  therein,  will  allow  a good  analysis  of 
an  entire  system  or  component  to  be  made. 

The  verification  of  the  design  through  actual 
operational  test  of  the  system  or  component  per- 
formance is  the  designer's  ultimate  goal. 
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To  aid  in  the  selection  of  particular  components,  a 
list  of  commonly  used  components,  and  an  oper- 
ational description  of  each,  is  provided  in  par.  9-3.2. 
Refs.  I through  4 are  additional  sources  of  informa- 
tion regarding  design  and  analysis  of  pneumatic  com- 
ponents and  systems. 

9-3, 1. 2 System  Redundancy 

Alt  pneumatically  operated  services  that  are  essen- 
tial to  safety  in  flight  or  landing  shall  be  provided 
with  emergency  devices  per  MIL-P-5518.  The  emer- 
gency systems  must  be  completely  independent  of  the 
main  system  up  to.  but  not  necessarily  including,  the 
actuating  cylinder  or  motor.  These  emergency  sys- 
tems should  be  designed  to  be  actuated  oniy  by  com- 
pressed air,  direct  mechanical  connection,  electro- 
mechanical units,  gravity,  or  combinations  of  these. 

Where  dual  pneumatic  lines  are  used  to  provide 
emergency  operation  of  a mechanism,  the  normal 
and  emergency  lines  shell  be  separated  by  as  great  a 
distance  as  is  practicable,  so  that  the  possibility  of 
both  lines  being  ruptured  by  a single  projectile  is 
remote.  Where  shuttle  valves  are  necessary  in  order 
to  connect  '.he  normal  and  emergency  systems  to  an 
aciuaiinv  cyiiiidci,  they  shall  be  b Jilt  into  the 
cylinder.  The  emergency  line  from  tfie  shuttle  valve 
should  be  vented  to  the  atmosphere  when  not  in  use. 

When  an  air  bottle  is  used  as  an  emergency  back- 
up energy  source,  a standard  pressure  gage  shall  be 
installed  to  allow  maintenance  personnel  to  check  the 
pressure.  The  air  bottle  should  be  located  so  as  to 
produce  a minimum  length  of  line  between  it  and  the 
shuttle  valve. 


An  APU  may  be  used  for  providing  emergency 
pneumatic  power.  The  APU  should  be  designed  to 
use  stored  compressed  air  for  starting  and  then  to 
provide  a limited  amount  of  power  for  the  essential 
subsystems  of  the  helicopter. 

9-3.2  COMPONENT  DESIGN 
9-3.2. 1 Air  Compressors 
The  air  compressor  maintains  the  pneumatic 
system  pressurization  during  flight.  It  can  be  driven 
by  direct  drive  from  the  helicopter  engine  gearbox,  by 
an  electric  motor,  or  more  commonly,  by  a hydraulic 
motor  powered  by  the  utility  hydraulic  system.  Com- 
pressor operation  usually  is  controlled  by  a manifold 
pressure  sensing  switch,  with  the  compressor  cutting 
in  when  system  pressure  drops  to  a preset  minimum 
and  cutting  out  at  a presc'.  maximum. 

Compressors  can  be  classified  into  two  basic 
groups:  positive  displacement,  and  dynamic,  or  non- 
positive, displacement. 

9-3.2. 1.1  Positive  Displacement 

In  this  type,  pressure  is  increased  by  confining  a 
gas  in  a progressively  diminishing  space.  There  arc  a 
number  of  different  arrangements,  among  them  the 
axial  piston  and  the  rotary. 

In  the  axial  system  .1  piston  moving  within  a 
cylinder  (Fig.  9-52)  alternately  traps  and  compresses 
the  gas.  This  is  the  most  widely  used  type,  and  sizes 
range  from  less  than  I hp  to  5000  hp.  Good  part-load 
efficiency  makes  this  ly,5c  most  acceptable  where 
wide  variations  in  capacity  arc  required. 


\ 


Figure  9-52.  Axial  Piston  Compressor 
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In  the  rotary  system,  the  rotating  motion  of  single 
or  mating  elements  compresses  the  gas.  Major  types 
of  rotary  compressors  are  sliding  vane  (Fig.  9-53), 
lobcd-rotor,  liquid  piston,  and  helical. 

9-3.2.1.2  Dynamic  Displacement 

In  this  type  compressor,  a high-speed,  rotating  ele- 
ment imparts  velocity  to  the  gas.  This  velocity  is  con- 
verted into  a pressure  rise  in  the  compressor  volute  or 
other  diverging  passageways.  There  are  two  main 
arrangements,  centrifugal  and  axial  flow. 

Centrifugal  compressors  Stave  an  impeller  similar 
to  a centrifugal  pump.  Impellers  can  be  arranged 
singly,  or  in  multiple  units  for  higher  discharge 
pressures.  At  a constant  speed,  a centrifugal  com- 
pressor delivers  nearly  constant  discharge  pressure 
over  a considerable  range  of  inlet  capacities. 

Axial-flow  compressors  move  air  parallel  to  the 
rotor  axis.  They  are  made  in  single-  or  multiple-stage 
versions.  In  the  latter,  matching  stator  blades  redirect 
the  flow  of  air  to  the  proper  entrance  angle  for  suc- 
ceeding rotating  blades.  Generally,  axial  compressors 
arc  used  for  ultra-high  capacity.  However,  there  are 
many  special  applications  for  smaller  units 

9-3. 2. 2 Compressed  Air  Supply  System  Selection  and 
Operation 

There  is  overlap  in  the  performance  of  different 
compressor  types,  and  sometimes  several  can  be  used 
for  any  given  service.  Narrowing  the  choices  is  a pro- 
cess of  considering  such  factors  as  space  and  weight 
limitations,  power  ranges,  and  capacity  ranges  of  the 
different  types. 

In  a typical  helicopter  compressor  of  tne  recipro- 
cating type,  the  air  entering  the  compressor  through 


ENTRAPPED 


Figure  9-53.  Sliding  Vane  Compressor 


the  air  inlet  cap  on  the  first-stage  cylinder  head  passes 
through  a filter  to  allow  removal  of  any  particle*  that 
might  damage  the  internal  components  of  the 
assembly.  The  filtered  air  it  drawn  through  the  intake 
valve  into  the  first-stage  cylinder  by  means  of  the  suc- 
tion created  on  the  downward,  or  intake,  stroke  of 
the  first-stage  piston.  On  the  upward  (compression) 
stroke,  the  intake  valve  is  forced  shut  by  the  in- 
creasing pressure,  and  the  spring-loaded  discharge 
valve  is  forced  open  when  the  pressure  reaches  a pie- 
determined  value.  The  compressed  air  is  directed 
threugh  the  discharge  valve  and  into  the  first  inter- 
cooler connected  to  the  first-stage  head,  where  the 
heat  created  during  compression  is  dissipated 
through  forced  convection  by  the  airflow  from  the 
fan  directed  over  the  intercoolers.  The  flow  of  cooled, 
compressed  air  next  passes  through  the  first-stage 
relief  valve  — connected  between  the  first  inter- 
cooler and  through  the  inlet  port  in  the  second-stage 
cylinder  head  — and  then  into  the  second-stage 
cylinder  during  the  downward  (intake)  stroke  of  the 
second-stage  piston.  The  operation  inside  the  three 
subsequent  stages  is  identical  to  that  of  the  first  stage. 

9-3.23  IViwnnc  Scpiiiiwi 
Moisture  separators  (Fig.  9-54)  are  used  in  con- 
junction with  a chemical  drier  as  the  dehydration 
equipment  of  a high-pressure  pneumatic  system. 
These  units,  working  together,  deliver  dry  air  having 
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Figure  9-54.  Moisture  Separator  Incorporating 
System  Pressure  Regulating  Valve 
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a free  air  dewpoint  of  -6S*F  by  trapping  and  collec- 
ting droplets  of  moisture  that  literally  have  been 
squeezed  out  of  the  air  during  compression.  In  a 
syrtem  pressure  of  200  atmospheres,  the  separator 
reduces  the  free  air  dewpoint  to  ~ 1S*F.  Collected 
moisture  it  drained  from  the  separator  either  by  a 
dump  mechanism  that  operates  automatically  when 
system  pressure  drops  upaream  of  the  separator,  or 
by  a mechanism  that  discharges  the  moisture  at  fre- 
quent intervals  while  the  compressor  is  supplying  air 
to  the  system. 

Th ; air  compressor  incorporates  s bleed  valve  that 
allows  the  separator  to  blow  down  automattally 
when  the  compressor  stops  running.  During  this 
operation,  the  compressor  and  the  interconnecting 
lines  to  the  separator  also  are  blown  down.  The 
moisture  separator  includes  a heating  unit  that 
prevents  the  accumulated  water  from  freezing.  Also 
included  is  a safety  disk  that  protects  the  separator 
from  the  effects  of  ovcrpreuurization.  A back- 
pressure valve  is  used  directly  after  the  moisture 
separator  in  order  to  build  up  pressure  in  the 
moisture-separation  chamber  before  it  car.  build  up 
in  downstream  components.  This  valve  injures  im- 
mediate moisture  separation  when  the  compressor 
starts  running.  The  vjlve  cither  is  integral  to  the 
separator  or  is  installed  separately.  Valves  arc 
available  with  various  back-pressure  settings. 


*-3.2.4  Dehydrators 

The  basic  types  of  vapor-removal  equipment  arc 
mechanical  and  chemical. 

Mechanical  dehydration  usually  ! -des  a refrig- 
eration cooling  process  that  lowers  the  air  tempera- 
ture below  the  required  dewpoint.  The  condensed 
water  then  is  collected  and  eliminated.  The  limiting 
factor  is  the  temperature  to  which  the  air  can  be 
lowered.  This  type  usually  is  not  found  on  airborne 
svstems  due  to  the  weight  penalty  of  the  refrigeration 
equipment. 

Chemical  dehydration  normally  is  used  in  con- 
junction with  a moistuie  separator  in  order  to  pro- 
vide maximum  efficiency.  The  chemical  drier  is 
placed  immediately  alter  the  moisture  separator 
(refer  to  par.  9-3.2.3).  The  pneumatic  system  beyond 
this  dehydration  equipment  thus  operates  with  dry- 
air,  reducing  the  possibility  of  freezing  in  lines  or 
components.  Although  they  are  called  chemical 
driers,  these  units  reduce  moisture  content  by  the 
process  of  absorption,  and  no  chemical  change  takes 
place.  Each  unit  consists  of  two  parts:  (I)  a metal 
lousing  that  acts  as  the  pressure  container,  and  (2)  a 
replaceable  cartridge  containii  g the  drying  agent. 
The  life  of  a cartridge  will  depe.  d not  only  upon  the 


rate  of  airflow,  but  also  upon  the  ambient  and  inlet 
air  temperatures  and  the  moisture  con.ent. 

If  the  chemical  drier  is  to  be  serviced  manually,  a 
filter  shall  be  included  at  the  outlet  port  to  as  to  pre- 
vent downstream  migration  of  particles  of  the  re- 
placement compound.  Some  means  of  indicating 
when  the  compound  is  no  longer  removing  water 
vapot  effectively  shall  be  included.  In  the  manually 
reactivated  types,  ease  of  compound  removal  for  re- 
placement or  icactivation  should  be  considered.  The 
compound  should  be  in  cartridge  or  capsule  form  to 
prevent  spilling. 

9-3.2J  Filters 

For  long  life  and  trouble-free  performance  of 
system  components,  the  air  should  be  kept  as  clean  as 
possible.  Fig.  9-33  shows  some  filter  configurations. 
There  are  many  sources  of  contamination:  the  air 
itself  may  be  contaminated  by  dirt  from  the  atmos- 
phere, or  from  system  hose  connections  and  other 
transfer  devices.  Particles  from  worn  system  compo- 
nents are  significant  sources  of  contamination. 

All  filter  media  act  to  varying  degrees  as  both 
depth  and  surface  filters.  However,  they  normally  are 
classified  on  the  basis  of  the  predominant  type  of  fil- 
tration provided. 

Depth  media  depend  upon  long,  tortuous  flow 
paths  to  remove  contaminants.  Examples  of  these 
media  include  paper,  cellulose,  felt,  glass  fiber,  wood 
pulp,  and  sintered  powder.  In  fiber  filters,  variations 
in  thickness,  density,  and  fiber  diameter  are  com- 
bined to  produce  nominal  filtration  of  0.5  to  100 
microns.  Absolute  ratings  vary  from  2 to  50  times  the 
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Figure  9-S5.  Filter  Housing  Designs 
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nominal  rating.  Sintared  powdars  of  metal,  ceramic, 
or  plaatic  provide  depth  filtration  with  nominal 
ratings  of  2 to  63  microns  and  absolute  ratings  of  13 
to  100  microns.  Media  migration  is  tlte  primary  dis- 
advantage of  sintered  powder,  but  this  can  be 
avoided  by  proper  manufacturing  techniques. 

Surface  media  remove  contaminants  by  means  of  a 
surface  that  contains  fairly  uniform  orifices.  Thus, 
the  contaminants  are  retained  on  the  media  surface. 

In  wire  mesh  types,  small,  uniform -diameter  wires, 
woven  into  a Dutch-twill  or  square  pattern,  provide 
nominal  filtration  ratings  of  2 to  100  microns  and  ab- 
solute ratings  from  12  to  200  microns.  Wire  mesh  has 
good  strength  and  is  free  from  media  migration.  Dirt 
capacity  per  unit  area  is  low,  but  the  thinness  of  the 
mesh  permits  use  of  multiple  layers. 

*-3.2.6  Valves 

Valves  include  any  device  that  stops,  starts,  or 
otherwise  regulates  the  flow  of  a fluid  by  means  of  a 
movable  element  that  opens  or  obstructs  a flow 
passage.  The  most  commonly  used  valves  in  any  air- 
borne pneumatic  system  are  described  in  the  para- 
graphs that  follow. 

*-3.2.6. 1 Check  Valves 

The  primary  function  of  a check  valve  is  to  prevent 
flow  reversal.  Check  valves  pass  air  freely  in  one 
direction  and,  if  pressure  reverses,  close  quickly  to 
stop  flow  in  the  other  direction.  Flow  reversal  in  fluid 
systems  may  be  programmed  as  a normal  occurrence, 
or  may  be  caused  by  accidents  or  failures.  Accidental 
flow  reversal  must  be  halted  promptly  and  effectively. 
If  this  is  not  done,  accumulators  may  be  overpres- 
surized, rotating  equipment  may  overspeed,  or  other 
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arc  automatic  in  their  epciation,  with  their  valving 
elements  being  activated  by  the  foices  of  the 
following  media.  Four  types  of  check  valves  are 
shown  in  Fig.  9-56. 

In  the  ball  check  valve,  a hardened  ball  serves  as 
the  closure  clement  and  is  spring-loaded  against  a cir- 
cular, conical,  or  spheiica!  scat.  Flow  forces  lift  the 
ball  off  the  seat  and  against  the  loading  spring. 
Because  the  flow  must  proceed  around  the  ball,  this 
type  of  valve  shows  more  of  a tendency  toward  tur- 
bulence and  pressure  drop  than  do  other  types. 
During  normal  operation,  the  ball  rotates  slightly  on 
the  retaining  spring,  thus  allowing  eve,,  wear  on  the 
ball  and  the  valve  scat  and  minimizing  the  effects  of 
contamination.  Because  of  inherent  simplicity  and 
low  cost,  ball  check  valves  are  used  frequently  in 
applications  involving  small  line  diameters,  where 
pressure  drop  is  not  of  particular  concern.  Practically 


no  damping  can  be  incorporated  into  the  mechanism 
of  the  ball  check  valve,  and  the  chattering  tendency 
ca  not  be  eliminated.  Therefore,  ball  check  valves  are 
not  recommended  for  applications  where  chattering 
is  unacceptable. 

In  cone  check  valves,  the  ball  is  replaced  by  a 
sliding  element  with  a conical  setting  surface  at  one 
end.  This  surface  seats  against  a circular  sharp  edgr 
or  another  conical  surface.  Con*  clieck  valves 
generally  have  less  pressure  drop  for  a given  size  than 
do  ball  check  valves,  and  have  less  tendency  to 
chatter  t cause  of  the  guided  movement  and  result- 
ant damping  of  the  valving  element.  Cone  check 
valves  are  susceptible  to  dirt  in  the  seating  area  and 
between  the  piston  and  body;  this  can  cause  cocking, 
with  a resultant  leakage  between  the  piaton  and  the 
body  seating  area.  Cone  check  valves  generally  are 
used  in  the  same  types  of  applications  as  are  ball 
check  valves.  Howe’er,  cone  types  can  be  used  to 
produce  a reduced  pressure  drop  in  a valve  of  given 
size,  and  also  can  be  used  in  applications  where  the 
tendency  to  chatter  cannot  be  tolerated. 
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Figure  *-36.  Check  Vabee 
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A variation  of  the  cone  check  valve  is  the  restric- 
tion check  valve.  In  this  type,  full  flow  is  allowed  in 
she  forward  direction,  while  a restricted  flow  is  ob 
tained  in  the  reverse  direction  by  means  of  a small 
orifice  in  the  conical  seating  element.  This  type  of  ac- 
tion cannot  be  achieved  in  a ball  check  valve. 

Poppet  check  valves  consist  of  a mushroom -shaped 
poppet,  with  the  stem  c'osely  guided  in  the  valve 
body  and  the  head  sealing  against  a flat  or  tapered 
circular  seat.  In  this  valve,  flow  forces  in  the  forward 
direction  lift  the  head  of  the  poppet  off  the  scat,  and 
flow  proceeds  through  the  stem  of  the  poppet, 
around  the  head,  and  through  the  body  of  the  va'  *. 
In  general,  poppet-type  check  valves  have  less 
pressure  drop  for  a given  flow  rate  than  do  either 
cone  or  ball  types.  Poppet  check  valves  can  be 
designed  so  as  to  eliminate  any  tendency  toward 
chatter  or  hammering  by  the  incorporation  of  damp- 
ing chambers  in  the  valve.  Because  of  the  close 
clearances  between  the  poppet  stem  and  the  valve 
bodv,  contamination  can  cause  sticking  and  leakage. 
Poppet  check  valves  require  moie  parts  than  ball  or 
cone  types,  and,  therefore,  usually  are  more  costly. 
They  are  used  most  commonly  in  applications  where 
it  is  desirable  to  improve  flow  characteristics. 

9-3.2  6.2  Belief  Valves 

The  primary  use  of  relief  valves  is  to  control  fluid 
presaurc  in  a tank  or  system  by  discharging  excess 
flow  to  an  area  of  lower  pressure.  A relief  valve  is  a 
pressure-relieving  device  that  opens  automatically 
when  a predetermined  pressure  is  reached.  Relief 
valves  may  have  a full  opening  “pop"  action,  or  may 
open  in  proportion  to  overpressure.  Valves  that  open 
rapidly  to  full  flow  generally  are  referred  to  as  safety 
valves  or  pop  valves,  and  are  considered  a special 
form  of  relief  valve. 

A relief  valve  consis.s  of  a valve  body,  a reference 
load,  and  a closure  that  serves  as  a control  element 
and  seat  (Fig.  9-57).  The  reference  load  is  linked  to 
the  closure,  and  opposes  the  pressure  buildup  in  the 
lank  or  system.  The  magnitude  of  the  load  deter- 
mines the  relief  pressure  setting.  As  the  internal 
system  pressor.  increases  to  nearly  the  relief  pressure 
necessary  to  balance  the  reference  load,  leakage 
usually  begins.  When  the  internal  pressure  reaches 
the  relief  pressure  level,  the  valve  opens  and  dis- 
charges the  upstream  air.  As  internal  pressure 
decreases  below  the  set  pressure,  the  reference  load 
opposing  the  pressure  force  closes  the  valve. 

A relief  vclvc  is  considered  to  have  good  operating 
characteristics  when  the  pressure  for  rated  Row  and 
reseat  closely  approaches  the  cracking  pressure.  The 
cracking  pressure  is  the  relief  pressure  setting  of  the 


valve,  defined  as  the  pressure  where  leakage  flow 
reaches  some  specified  value.  The  cracking  pressure 
always  is  set  below  the  allowable  working  pressure  of 
the  tank  or  system,  and  commonly  is  not  more  than 
1 10%  of  normal  operating  pressure.  The  rated  capaci- 
ty usually  is  established  for  flows  at  pressures  109b 
greater  than  the  pressi't:  setting  of  the  relief  valve. 
The  reseat  pressure  is  some  value  below  the  cracking 
pressure,  depending  upon  the  closure  configuration; 
a reseat  pressure  of  95%  of  cracking  piessure  is  com- 
mon. 

Relief  valves  may  be  either  direct-acting  or  piloted. 
Direct-acting  valves  can  be  either  of  the  conven- 
tional type,  where  the  control  element  moves  iclativc 
to  the  seat,  or  of  the  inverted  type,  where  the  seat 
moves  relative  to  the  control  element. 

For  airborne  applications,  the  telief  valve  body  is 
designed  for  minimum  weight,  consistent  with 
pressure  rating,  and  for  passage  of  high  flows  with 
minimum  pressure  loss.  Lightweight  construction 
materials,  such  as  aluminum,  are  used  extensively.  To 
achieve  minimum  pressure  drop,  some  manufac- 
turers use  a venturi  design  in  the  discharge  side,  while 
others  enlarge  the  outlet  port  even  to  the  extent  of 
using  larger  connections. 

d nc  ieiviviiw  iwou  is  the  force  eppesmg  sny 
pressure  buildup  until  relief  pressure  is  reached.  The 
most  common  element  used  to  establish  the  load  is  a 
compression  spring.  Weights  could  accomplish  the 
same  purpose,  but  seldom  arc  used. 
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Figure  9-57.  Relief  Valve* 
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The  valving  unit  ii  composed  of  a teat  and  a con- 
trol eleme.it.  The  seat  may  be  flat,  spherical,  or  con- 
ical in  shape,  wifh  its  configuration  determining  the 
settling  and  opening  characteristics  of  the  relief  valve 
to  a large  degree.  There  aie  four  commonly  used  con- 
trol element  designs:  ball,  conical-poppet,  V-poppet, 
and  piston. 

The  ball  control  element  it  used  extensively  in  both 
quick-opening  and  proportional  relief  valves  because 
of  its  simplicity,  low  manufacturing  cost,  and  in- 
herent self-aligning  capability  as  it  reseats.  When 
used  in  a quick-opening  relief  velvc  (safety  valve),  the 
ball  tends  to  chatter  when  discharging  fluid,  it  is 
limited  to  small  valve  sizes,  and  has  a short  life  cycle. 

Like  the  ball  control,  the  conical-poppet  may  be 
used  in  both  quick-opening  and  proportional  relief 
valves.  Conical-poppets  lend  themselves  to  larger 
port  sizes,  but  require  closer  toleranoes  on  the  scaling 
surfaces  of  the  poppet  and  scat.  The  control  element 
stem  must  be  guided  in  order  to  obtain  alignment 
between  the  poppet  and  scat.  When  the  valvr  is  open, 
however,  the  inside  surface  of  the  guide  is  exposed  to 
the  fluid.  If  gas  is  discharged,  cooling  during  expan- 
sion may  resuli  in  an  icc  buildup  on  the  guide  that 
will  prevent  the  valve  from  dosing.  This  type  is 
quieter  in  operation  than  the  ball,  due  to  frictional 
damping  induced  by  the  guide. 

The  V-poppet  element  is  used  only  in  safety  valves. 
As  soon  az  the  valve  itarts  to  open,'  the  fluid  — by 
changing  momentum  due  to  the  V-design  — exert;  a 
greater  force  against  the  poppet,  causing  it  to  pop 
open  for  full  flow.  The  poppet  uses  only  its  inner  cone 
for  a scaling  surface.  Like  the  conical  plug,  fhc  pop- 
pet stem  is  guided.  Precision  machining  is  required  in 
order  to  obtain  accurate  poppet-seal  concentricity 
and  alignment. 

A piston  sometimes  is  used  in  relief  valves  for 
closed  air  systems.  The  piston  offers  no  positive 
seating  surface  to  prevent  leakage,  depending  pri- 
marily upon  dose  toleranoes.  Valve  opening  is  pro- 
portional to  the  overpressure.  Pistons  are  used  com- 
monly as  the  second  stage  in  pilot-operated  relief 
valves,  rather  than  in  single-Uage  valves. 

WJ.4J  Pressure-reducing  Valves 

The  most  practical  components  for  maintaining 
secondary  lower  pressures  in  a pneumatic  system  arc 
pressure-reducing  valves.  These  are  normally  open, 
two-way  valves  that  sznsc  downstream  pressure  in 
order  to  close.  There  are  two  types,  direct -acting  and 
pilot-operated. 

Direct-acting  valves  are  usually  of  sliding  spool 
design.  Air  flows  from  the  high-pressure  inlet  to  the 
low-pressure  outlet.  An  adjustable  spring  holds  the 


poppet  or  spool  open,  and  reduced  pressure  acts  to 
close  the  valve.  When  the  valve  is  closed,  a small 
quantity  of  air  bleeds  from  the  low-pressure  side  of 
the  va've  through  the  spring  chamber  to  the  atmoe- 
phere,  usually  through  a fixed  or  adjustable  orifice  in 
the  '.poo,  or  body.  The  bleedoff  prevents  downstream 
pressure  from  increasing  above  the  valve  setting 
because  of  spool  leakage  when  the  valve  doses.  The 
spring  chamber  always  is  drained  to  "he  atmosphere 
in  order  to  prevent  fluid  pressure  from  building  up 
and  holding  the  valve  open.  Direct-acting  valves 
require  a large  envelope  to  provide  apace  for  the 
spring  and  adjustment.  Also,  spring  ranges  usually 
are  narrow.  As  in  relief  valves,  a small  pilot  section 
may  be  added  to  control  the  main  valve. 

In  a pilot-operated,  pressure-reducing  valve,  the 
spool  or  poppet  is  balanced  pneumatically  by  down- 
stream pressure  at  both  ends.  A light  spring  holds  the 
valve  open.  A small  pilot  relief  valve,  usually  built 
into  the  main  valve  body,  bleeds  air  to  the  atmos- 
phere when  reduced  pressure  reaches  the  pilot  valve 
spring  setting  causing  a pressure  drop  across  the 
sjjgo!  or  poppet.  Pressure  differential  tu«i  mum  ii 
toward  its  closed  petition  against  the  force  of  the 
light  spring.  The  pilot  valve  relieves  only  enough  fluid 
to  position  the  main  valve  spool  or  poppet  so  that 
flow  through  the  main  valve  equals  the  flow  require- 
ments of  the  reduced-pressure  circuit.  If  no  flow  is 
required  in  the  low-preaeure  circuit  during  a portion 
of  the  cycle,  the  main  valve  does.  High-praaauie  air 
leaking  into  the  reduced-pressure  section  of  the  valve 
then  returns  to  the  atrooephere  through  the  pilot 
relief  valve.  Pilot-operated,  pressure- reducing  valves 
generally  have  a wider  range  of  spring  mgustmeat 
than  do  direct-aciiiig  valves,  and  provide  more 
repetitive  accuracy.  However,  contamination  can 
block  flow  to  the  pilot  valve,  causing  the  main  valve 
to  fail  to  open  property. 

W.2.M  Pre-are  Regulators 
The  pressure  compensator  bypass  flow  regulator 
and  moisture  separator  usually  is  a part  of  the  air 
compressor,  and  controls  flow  by  diverting  excess 
compressor  output  overboard.  In  a typical  example. 
Row-pressure  drop  aero—  a metering  orifice  is  used  to 
shift  a balanced  spool  against  a control  spring.  This 
spool  movement  is  used  to  maintain  a constant  pres- 
sure drop  aero—  the  orifice,  diverting  or  bypassing 
excess  supply  flow.  The  pressure  drop,  which  is  deter- 
mined by  spool  area  and  spring  force,  is  relatively 
low. 

W.2.4.5  Directional  Control  V sires 

This  term  describes  all  multiple-passage  valves. 


_? 
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because  their  primary  function  is  to  control  the  direc- 
tion of  flow  from  one  fluid  line  to  another.  Common 
types  include  three-way,  four-way,  diverter,  se- 
quence, and  shuttle  valves.  Actuation  may  he 
manual,  mechanical,  pneumatic,  or  electrical.  These 
valves  ate  identified  by  method  of  actuation,  number 
of  pans,  number  of  positions  to  which  the  valve  can 
be  actuated,  type  of  valving  element  (spool,  slide, 
poppet,  ball,  etc.),  and  type  of  sealing. 

A three-way  valve  (Fig.  9-58)  is  one  with  three 
external  port  connections  and  is  either  two-  or  three- 
position.  The  usual  three-way  valve  has  one  common 
port  that  can  be  connected  to  either  one  or  two  alter- 
nate ports  while  closing  the  nonconnected  port.  Nor- 
mally, these  ports  are  identified  as  pressure,  cylinder, 
and  return  (vent).  When  used  to  control  a single- 
action  cylinder,  the  cylinder  port  is  the  common  port, 
and  is  connected  alternately  to  the  pressure  port  and 
to  the  return  port. 

A four-way  valve  (Fig.  9-59)  has  four  external  port 
connections,  which  usually  are  arranged  so  that  there 
are  two  simultaneous  flow  paths  through  the  valve. 
Four-way  valves  commonly  are  used  to  actuate 
double-acting  cylinders.  In  such  applications,  the 
valve  is  connected  so  that  when  pressure  is  applied  to 
one  cylinder  port,  the  other  cylinder  port  is  vented, 
and  vice  versa.  Four-way  valves  normally  are  two-  or 
three-position.  In  a three-position,  four-way  valve, 
there  is  a center  position  in  which  all  ports  arc  vented. 


CYLINDER 


(A)  BLOCKED  POSITION 


PRESSURE 


CYLINDER 


(B)  OPEN  POSITION 


PRESSURE 


Figure  9-58,  Directional  Control  Valve — Three-way 
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\ diverter  valve  basically  is  a three-way  valve,  with 
the  common  port  being  the  pressure  port.  Flow  can 
be  diverted  from  the  pressure  port  to  either  of  two  al- 
ternate flow  paths.  Diverter  valves  also  are  called  di 
version  valves. 

A selector  valve  functions  similarly  to  a diverter 
valve,  except  that  th:  common  pressure  port  can  be 
connected  to  an  unlimited  number  of  alternate  .low 
paths. 

A sequence  valve  is  one  whose  primary  function  is 
to  direct  flow  in  a predetermined  sequence  between 
two  or  more  ports.  A shuttle  valve  is  a type  of 
sequence  valve  that  is  pressure-actuated  in  such  a 
manner  that  when  a preset  system  pressure  has  been 
reached,  the  valve  automatically  actuates,  connecting 
two  or  more  flow  pathr. 

A spool  valve  controls  fluid  flow  by  covering  and 
uncovering  annular  porta  with  lands  on  a sliding 
spool.  The  number  of  lands  and  ports  on  the  spool 
and  valve  body  determines  the  porting  arrangements 
that  can  be  achieved,  and  the  geometrical  relation- 
ship between  the  lands  and  norts  determines  the 
timing  of  the  valve  function.  With  a sharp-edged  land 
and  port,  operation  of  u spool  valve  is  abrupt.  In 
applications  where  this  arrangement  would  cause  un- 
desirable pressure  surges,  the  land  edges  can  be 
notched,  tapered,  or  chamfered  to  modify  the  flow 
characteristics.  Spool  valves  are  classified  as  packed 
or  unpacked,  depending  upon  the  sealing  character- 
istics. Packed  spool  valves  use  O- rings  or  some  other 
type  of  seal  between  the  spool  and  the  valve  body  in 
order  to  achieve  tight  shutoff.  Unpacked  spool  valves 
possess  internal  leakage,  depending  upon  the 
clearance  between  the  spool  lands  and  the  valve 
body.  Annular  giooves  usually  are  machined  on  the 
spool  lands  to  improve  lubrication  of  the  valve  and  to 
equalize  pressure  all  around  the  spool  in  order  to  pre- 
vent binding  on  one  side  of  the  bore.  In  addition  to 
eliminating  binding,  the  annular  groove  centers  the 
valve,  and  in  this  position  the  leakage  clearance  is 
minimized.  A unique  feature  of  the  spool-type, 
multiple-passage  valve  is  that  the  end  of  the  spool  car. 
be  used  as  the  actuator  piston  to  position  the  valve. 

Poppet-type,  multiple-passage  valves  use  two  or 
more  flat,  conical,  or  .-pStcrical  scats  on  a translating 
poppet.  These  valves  lend  themselves  to  three-  or 
four-way  operation  with  a variety  of  seating  and 
scaling  arrangements.  For  a solenoid-actuated,  three- 
way,  poppet-type  valve  in  the  de-energized  position, 
pressure  is  applied  to  the  cylinder. 

The  sliding  plate  valve  consists  of  three  mam 
elements,  a slide  and  two  plate  enclosures.  The  slide 
element  is  sandwiched  between  the  two  plates,  and 
contains  co-ed  holes  and  passages  that  mate  with 
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port i in  the  plates.  Many  porting  arrangements  arc 
available,  and  thiee-  and  four-way  mulitple-ptssagc 
valves  can  be  cchieved  easily.  One  advantage  of  a 
sliding  plate  valve  is  that  it  can  be  reworked  and 
lapped  to  compensate  for  wear. 

A ball  valve  can  be  adapted  readily  to  operate  as  a \ 
multiple-passage  valve  by  the  addition  of  outlets  on 
the  body  and  additional  porting  in  the  hall  valving  '! 
element.  With  three  outlet  connections  on  the  body,  j 

the  ball  valve  can  be  made  into  a variety  of  three-way  j 

valves,  depending  upon  the  porting  utilized  in  the  j 
ball. 

I 

A rotary  slide  valve  is  used  more  commonly  as  a 
multiple-passage  valve  than  as  a two-way  shutoff 
valve.  Rotary  slide,  multiple-passage  valves  consist, 
essentially,  of  two  parts,  i.e.,  the  body  and  a rotating 
plate  (Fig.  9-60).  The  body  contains  either  three  or 
four  outlets  to  provide  a three-  or  four-way  valve 
configuration,  and  the  rotary  plate  contains  various 
porting  arrangements  so  as  to  achieve  a multiplicity 
of  three-  or  four-way  valve  types. 

A valve  actuator  it  a power  unit  that  provides  a 
mechanical  operating  force  for  positioning  a valving 
element.  The  actuator  may  be  either  direct-acting  cr  ~ 
piloted.  The  direct-acting  valve  actuators  include  | 
platen  cylinders,  solenoids,  wAiiiuil  iiiuiuis,  mu  ser-  — ' 

vo  torque  motors,  each  used  independently.  Piloting, 
involving  the  use  of  a small  power  input  to  control  a 
larger  power  source,  is  common  with  such  piston- 
cylinder  actuators  as  the  electro-pneumatic,  pneu- 
matic-hydraulic, or  pneumatic-pneumatic  combina- 
tions. Most  aerospace  valves  are  powered  by  remote- 
control,  or  automatic,  actuators  Linear  actuators 
used  in  aerospace  valves  include  solenoids,  piston- 
cylinders,  bellows,  and  diaphragms.  Rotary  actu- 
ators also  can  be  used  to  impart  linear  motion,  for 
example,  through  a rack  and  pinion.  Linear  actu- 
ators aiso  can  be  used  to  impart  rotary  motion  by 
driving  an  internally  threaded  valve  stem  attachment 
with  a threaded  rotating  shaft.  The  actuator  may  be 
either  an  integral  part  of  the  valve,  or  a separate 
device  linked  mechanically  to  the  valve.  Solenoids, 
diaphragms,  bellows,  piston-cylinders,  and  servo 
torque  motors  are  usually  in.  :gral  parts  of  the  valve. 

Electric  motors  commonly  are  linked  to  the  valve 
through  a gear  train,  screw  drive,  etc.  Valve  actuator 
positioning  requirements  can  be  divided  into  two 
groups: 

1.  Two-position,  or  nonmodulating,  actuators  for 
“on-ofT”  control  vslves  and  shutoff  valves 

2.  Modulating  actuators  for  positioning  control 
vslves;  pneumatic  and  hydraulic  piston-cylinder  ac- 
tuators commonly  arc  used  with  valve  positioners, 
and  provide  a feedback  loop  between  the  control 


Figure  9-59,  Directional  Control  Valve — Fonr-way 
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signal  and  the  stroke  of  the  actuator. 

The  design  or  selection  of  a valve  actuator  is,  at 
beat,  a trade-off  among  several  interrelated  factors 
Typical  mechanical  factors  that  must  be  considered 
include  length  of  stroke,  locking  requirements,  speed, 
limitation  of  envelope  size  and  weight,  and  magni- 
tude of  required  force.  If  a long  stroke  is  needed,  use 
of  solenoid  is  eliminated  automatically.  If  fast 
response  times  are  desired,  actuation  by  electric 


motor,  solenoid,  or  explosive  charge  should  he  con- 
sidered. If  high  forces  must  be  overcome,  either  hy- 
draulic or  pneumatic  pressure  must  be  used. 

9S.J.1  Pres— re  Cages 

Pressure  gages  are  used  in  fluid-power  equipment 

to  provide: 

I . An  indication  of  operating  pressure,  especislly 
where  this  pressure  must  be  selected  by  the  operator 
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2.  An  indication  (alarm)  of  abnormal  pressure 
within  the  system. 

Pressure  guges  also  are  used  to  provide  data  in 
development  of  fluid-power  equipment. 

Pressure,  or  pressure  change,  within  a system  must 
be  correct  if  pneumatically  powered  or  controlled 
equipment  is  to  operate  properly.  The  proper  gage  in- 
dicates this  pressure  and  helps  to  prevent  malfunc- 
tions. Gages  also  can  be  calibrated  in  valu-'s  propor- 
tional to  pressure,  such  as  total  force  exerted  by  a 
pneumatic  cylinder. 

Sourdon-tube  indicating  dial  gages  (Fig.  9-61)  are 
used  to  measure  pressure  from  O.S  psi  vacuum  to 
150,000  psi.  Primary  advantages  are  accuracy,  rug- 
gedness, reliability,  simplicity,  and  low  cost.  Other 
methods  of  measuring  pressure  include  electronic 
dev-'ces  based  upon  strain  gage  readings,  or,  in  the 
case  of  pulsating  pressure,  piezoelectric  crystals.  Such 
units,  relatively,  are  costly  and  complex.  At  the  low 
end  of  the  pressure-measurement  spectrum  are 
bellows  and  diaphragm-type  devices,  which  are  used 
to  measure  relatively  low  pressures. 

Components  of  Jl  Bourdon-tube  gages  are  similar. 
Howevei,  many  siyies  and  materials  should  be  con- 
sidered in  selecting  a 2agc.  The  following  factors, 
listed  in  the  normal  order  of  consideration,  influence 
this  selection: 

1.  Measured  medium,  including  pressure  range 
and  fluctuation 

2.  Environmental  conditions,  such  as  temperature 
and  vibratioi 

3.  Wear  conditions  caused  by  pulsation  and  vi- 
bration 

4.  Connection  of  gage  to  measured  medium 

5.  Mounting  method 

6.  Size  and  weight 

7.  Accuracy. 


9-3.2.S  Air  Storage  Bottles 

Air  storage  bottles  or  vessels  are  often  of  conven 
tional  shapes,  such  as  cylinders  or  spheres.  On  the 
other  hand,  limited  space  may  require  a conical, 
oblate  spheroid,  toroidal,  or  pear  shape.  Drawn 
cylinders  up  to  9 in.  in  diameter  and  up  to  50  in.  long 
are  available.  Welded  containers  can  be  made  much 
larger.  Capacities  may  range  from  3.0  to  3500  in.’ 
Cylinder  bottoms  may  be  concave,  bump-shaped, 
spherical,  or  elliptical.  Ports  can  be  located  wherever 
they  are  required.  Either  externa!  or  internal  thread- 
ing can  be  supplied. 

Pressure  vessels  with  pressure  ratings  varying  from 
«.  few  hundred  psi  to  25,000  psi  are  available.  Pressure 
vessels  can  withstand  high  ambient  temperatuies  in 
the  range  of  275°-600°F.  In  addition,  they  can  meet 
vibration,  shock,  and  other  extreme  requirements  of 
modern  helicopter  environments.  A varied  choice  of 
constructions  is  possible.  Among  the  metals  that  have 
been  used  successfully  are  aluminum,  low-alloy 
steels,  high-strength  steels,  and  a number  of  exotic 
metals.  For  highly  predictable,  multicycle  perform- 
ance, one  of  the  chromium  steel  alloys  is  recom- 
mended. 

Seamless  cylinders  are  deep  drawn,  and  wall 
thickness  tolerances  can  be  held  precisely.  An 
excellent  surface  is  obtained.  The  dome  and  neck  arc 
hot  spun  on  the  open  end.  Heat  treatment  produces 
the  mt  allurgical  quality  meded  for  best  perform- 
ance. Seamless  drawn  cylinders  are  relatively  inex- 
pensive ;o  produce. 

Welding  often  is  used  to  fabricate  the  larger  sizes  of 
cylinders.  Certain  smaller  cylinders  for  aerospace 
applications,  where  minimum  weight  is  a more  im- 
portant consideration  than  is  price,  also  are  welded. 
Containers  with  a wide  r“nge  of  wall  thicknesses, 
diameters,  and  alloys  can  be  welded,  as  can  vessels  of 
exotic  high-strength  metals. 

Fiberglas  vessels  usually  are  lighter  than  their  all- 
metal  counterparts.  Advanced  technology  has  made 
them  highly  reliable.  Silrne- finished  glass,  bonded 
with  epoxy  resin  and  protected  against  moisture 
penetration  by  an  external  coating,  can  be  used  to 
fabricate  pressure  vessels.  Internal  rubber  linir.gs 
effectively  retain  the  air  in  instances  where  some 
permeability  can  be  tolerated. 

Composite  cylinders  offer  extremely  low  weight 
without  sacrificing  reliability.  In  this  type  of  con- 
struction, a cylindrical  metal  shell  having  hemi- 
spherical ends  is  wrapped  with  circumferential 
weldings  — usually  of  bonded  Fiberglas.  Hoop  loads 
are  shared  between  metal  shell  and  windings  while 
longitudinal  loads  are  carried  by  the  metal  alone. 
Wire  winding  may  be  applied  in  accordance  with 
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Military  Specifications  in  order  to  keep  vessels  from 
shattering  under  gunfire.  Wire  winding  contributes 
added  strength,  but  usually  is  not  regarded  as  a light- 
weight composite  construction. 

Pneumatic-system  vessels,  which  must  be  charged 
and  discharged  several  times  daily,  must  withstand 
many  thousands  of  cycles  without  failure.  To  insure 
that  lugh-cyde  life  vessels  will  meet  their  require- 
meutk  in  service,  factors  such  as  stress  level,  choke  of 
material,  shape  of  the  vessel,  surface  conditions,  joint 
design,  heat  treatment,  and  environmental  conditions 
during  use  must  be  considered.  The  retio  of  test 
pressure  to  service  pressure  is  usually  1.67:1.  How- 
♦ ever,  the  ratio  is  governed  by  individual  specifica- 
tions, and,  in  some  cases,  may  range  from  1.5:1  to 
2.0:1.  The  ratio  of  minimum  burst  pressure  to  service 
pressure  depends  'ipon  the  design  stress  levels,  but  is 
commonly  2.22:1.  Ratios  of  2.0:1  to  4.0:1  often  are 
indicated  by  specific  cycle-life  requirements  and  other 
rervioe  considerations. 

9-3.29  Subsystem  CtmpoaaatB 

Subsystem  components  are  discussed  in  pan.  9- 
3.2.9. 1 through  9-3.2.9.4. 

*-3.2.9. 1 Actuators 

An  actuator,  as  used  in  helicopter  applications,  is  a 
power  unit  that  produces  a force  or  torque  for 
positioning  loads.  Normally,  pneumatic  actuaton  arc 
of  the  linear-motion  type,  and  arc  designed  to  in- 
dividual specifications.  Among  the  types  manufac- 
tured are  specialized  actuators  of  the  piston  type 
(with  built-in  dampen),  used  for  the  retraction  of 
landing  gear;  landing  gear  up-lock  actuators;  high- 
temperature  piston  units  for  both  high  and  low 
pressures;  cargo  ar.d  passenger  door  actuators;  store- 
ejection  actuaton;  screw-jack  actuaton  for  high-tem- 
perature application  and  air  motor  and  screw-jack 
actuator  assemblies  that  form  a part  of  such  systems 
as  nosewheel  storing.  Advantages  of  pneumatic  ac- 
tuaton include  speed  of  operation,  simplified  power 
requirements,  and  ability  to  withstand  ambient  tem- 
peratures to  500°  F.  The  inherent  limitations  of  pneu- 
matic actuaton  result  primarily  from  the  elastic 
properties  of  the  compressed  air  woiking  fluid.  Fig. 
9-62  'illuatrates  typical  linear  pneumatic  actuaton. 

in  this  single-acting  actuator,  the  power  stroke  is  in 
one  direction  only,  and  can  be  either  the  out-stroke 
or  in-stroke.  The  return  stroke  is  accomplished  by 
some  external  means;  a double-acting  cylinder  ran  be 
used  for  this  purpose  by  connecting  the  ae  rating 
fluid  line  to  only  one  port  through  a three-way  valve, 
leaving  the  other  port  open.  Special  single-acting 
cylinden  are  designed  with  piston-sealing  devices 
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that  aeal  in  one  direction  only.  These  cylinders  have  a 
port  hole  in  one  heard  and  a bleeder  hole  in  the  op- 
posite head. 

The  spring-return  actuator  is  a single-acting  cylin- 
der, with  the  return  stroke  effected  by  a spring.  The 
length  of  the  cylinder  in  the  retracted  position  is  at 
least  twice  the  actual  stroke  length  because  of  the 
spring  length.  The  initial  spring  force,  as  well  as  the 
increase  in  spring  force  due  to  spring  rate  during 
compression,  depends  upon  the  amount  of  force 
required  by  the  spring-actuated  stroke. 

In  the  double-acting  actuator,  the  cylinder  has  a 
power  stroke  in  both  directions.  The  actuating  fluid 
line  is  connected  to  both  heads  of  the  cylinder,  usual- 
ly through  a four-way  valve.  Most  standard  catalog 
cylinders  are  double-acting.  The  sealing  devices  also 
operate  in  both  directions. 

Rotary  actuator*  rotate  an  output  shaft  through  a 
fixed  aic  to  produce  oscillating  power,  converting 
fluid-energy  input  to  mechanical  output.  They  are 
compact,  simple  in  construction,  and  efficient,  pro- 
ducing high  instantaneous  torque  in  either  direction, 
and  requiring  only  limited  space  und  simple  mount- 
ings. Rotary  actuators  consist  of  a chamber  or 
chambers  for  containing  the  working  fluid,  and  a 
movable  surface  against  which  the  fluid  acts.  The 
movable  surface  is  connected  to  an  output  shaft  to 
produce  the  output  motion. 
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The  baik  type*  of  rotary  reciprocating  actuuto.i 
are  vane  and  piston.  Basically,  the  vane  actuator  con- 
sists of  a cylindrical  chamber,  a stationary  barrier,  a 
central  shaft  with  a fixed  vane,  and  end  caps  through 
which  the  shaft  projects  and  which  support  the  shaft- 
and-vane  assembly.  Fluid  energy  on  one  side  of  the 
vane  produces  an  unbalanced  force  on  the  shaft.  The 
shaft  extension  can  protrude  from  cither  or  both 
ends,  and  has  key-ways,  splines,  or  squared  ends  tor 
mechanical  connection  of  the  load.  Vane  actuators 
usually  have  one  or  two  vanes,  but  may  have  three  or 
more.  The  arc  of  rotation  for  singlc-vsr.t  units  is 
about  2X0  deg;  for  double-vane  units,  about  100  deg. 
Maximum  arc  varies  with  the  size  and  const  uction  of 
the  unit.  Besides  the  torque,  there  is  a radial  force  on 
the  vane  shaft,  and  this  side  load  tends  to  deflect  the 
shaft.  Thus,  the  output  shaft  must  be  large  enough  to 
withstand  maximum  torque  and  side  load  vitfcot  t 
excessive  deflection,  and  bearing  areas  must  be  large 
enough  to  support  these  loads  with  minimum  wear 
and  friction.  Efficiency  of  single-vane  units  varies 
rrom  70  to  95%,  depending  upon  such  items  as 
bearings  and  bearing  Icngth-to-diamcter  ratio. 

DecMe-vane  unit:  contain  opposing  var.es  and  op- 
posing stationary  barriers.  Fluid  enters  one  compart- 
ment from  an  external  port  and  flows  through  inter- 
nal passages  to  the  opposite  comps .tirent.  A force  is 
exerted  on  each  vane,  and  the  force  that  tends  to  dis- 
place the  shaft  is  balanced  transversely.  Because  pure 
torque  is  the  only  load  on  the  shaft,  efficiency  of  the 
double-vane  unit  is  high;  torque  output  is  double  that 
of  a single-vane  unit  of  comparable  dimensions. 
Vaue-type  actuators  are  available  in  a variety  of  stan- 
dard sizes  and  mountings,  with  torque  outputs 
ranging  from  3 lb-in.  at  50  psi  to  more  than  700,000 

■viu.  &i  jvw  pill. 

Piston  actuators  are  available  in  several  types.  In  a 
helical  spline  actuator,  fluid  is  applied  to  one  side  of 
the  piston  which  is  kept  from  rotating  by  guide  rods. 
The  actuator  can  be  stopped  at  any  poim  in  its 
stroke.  The  helix  angle  on  the  shaft  end  piston  is  self- 
locking,  preventing  rotation  of  the  actuator  under 
external  torque  loads.  Sealing  is  by  ring  seals  around 
the  piston,  the  fluid  rods,  and  the  helical  screw.  Stan- 
dard units  are  available  for  a wide  range  of  torque 
outputs  and  pressures.  The  arc  of  rotation  can  be 
larger  than  360  deg.  Adjustable  cushions  are 
available  to  reduce  shock  at  each  end  of  the  stroke. 

A variation  of  this  type  of  actuator  uses  two 
pistons  in  the  same  cylinder.  The  shaft  has  a right- 
ha  id  helix  on  half  of  its  length  and  a left-  hand  helix 
on  the  other  half.  Fluid  is  introduced  into  the  area 
between  the  pistons  and  causes  linear  movement  of 
the  pistons,  thereby  imparting  rotary  motion  to  the 
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center  shaft.  The  piston-rack  actuator  may  have  a 
cylinder  witL  two  pistons,  each  integral  with  a rack, 
or  two  cylinders  with  four  pistons.  In  each  case,  the 
racks  engage  a pinion  in  the  •xvntcr  of  the  cylinder 
and,  as  the  pistons  move  the  racks,  the  pinion  is  ro- 
tated. Equal  torque  thus  is  produced  in  each  direction 
of  rotation.  Pistons  usually  are  seated  by  standard  Co- 
ring seals.  Units  ere  available  with  high  torque 
ratings  and  for  pressure*  to  JOOC  psi. 

9-3.2. 9.2  Brake  Vabee 

Pneumatic  brake  valves  provide  e means  of 
supplying  operating  pressure  to  helicopter  wheel 
brakes.  The  pressure  applied  to  the  pedals  (or  hand 
!e\sr,  depending  upon  valve  design)  deliver*  a 
regulated,  proportionate  pressure  to  the  valve  outlet 
port,  thus  allowing  air  to  flow  to  the  brakes. 
Releasing  of  the  brake  pedal  (or  handle)  vents  the 
pressurized  air  on  the  brake*.  Pedal  or  handle  travel 
is  proportional  to  brake  valve  outlet  pressure,  i.e.,  to 
the  pressure  applied  to  the  wheal  brake.  The  design  of 
brake  valves  should  feature  minimum  hysteresis  char- 
acteristics. For  increased  release  response,  rapid- 
exhaust  valve*  are  located  between  the  brake  valves 
and  the  brakes. 

9-3 .2.9.3  Pa  rams  fie  Fuats 
A fuse  is  used  to  protect  a pneumatic  system  while 
permitting  full,  efficient  operation  of  components  in 
the  remainder  of  the  system.  Essentially,  the  fuse 
operates  on  a rate  of  flow  that  is  sensed  by  a pressure 
drop  through  the  fuse  itself.  Once  closed,  the  fuse 
resets  automatically  as  soon  as  the  pressure  differ- 
ential is  removed  by  venting  the  upstream  com- 
nreeged  air. 

9-3J.9.4  Qnlck -disco— sets 
Quick -disconnects  provide  easy,  instant  coupling 
and  uncoupling  of  pneumatic  systems  and  system 
components  without  loss  of  supply  pressure.  Their 
use  greatly  facilitates  aircraft  overhauls  and  service 
replacements,  in  order  to  meet  varying  require- 
ments, two  types  of  quick-disconnects  are  available:  a 
lever  type  and  a rotating  type. 

9-3.3  PNEUMATIC  SYSTEM  INSTALLATION 
AND  QUALIFICATION 
Pneumatic  systems  are  classified  into  types  and 
classes  as  follows: 

1.  Types: 

a.  Type  A.  Airborne  compressor-charged 
system,  in  whicn  system  air  pressure  is  maintained  by 
a compressor  mounted  in  the  helicopter 
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h.  Type  B.  Ground-charged  system,  in  which 
system  air  pressure  is  obtained  from  ground-servicing 
equipment 

2.  Classes: 

a.  Class  1.  Supply  system  is  charged  to  a 
pressure  of  1500  psi 

b.  Class  2.  Supply  system  is  charged  to  a 
pressure  of  3000  psi 

c.  Class  3.  Supply  system  is  charged  to  a 
pressure  of  5000  psi. 

The  qualification  testing  required  for  Type  A and 
B components  is  similar.  The  tests  indude  those  for 
examination  of  product,  proof  and  hurst  pressure, 
leakage,  flow  and  pressure  drop,  extreme  tempera- 
ture, life  cycle,  vibration,  humidity,  fungus,  sand  and 
dust,  salt-fog,  and  dielectric  strength.  General  re- 
quirements for  pneumatic-system  component  testing 
are  given  in  MIL-P-8564.  The  conditions  specified 
should  include  the  test  media,  temperatures,  and  ni- 
tration. System  installation  testing  requirements  arc 
listed  in  MIL-T-5522  and  AMCP  706-203. 

9-3.4  PITOT-STATIC  SUBSYSTEM  DESIGN 
pfMtiir#  altitude,  and  rs*tc  of  climb 
basic  parameters  in  the  performance  of  all  helicop- 
ters. Instruments  used  to  measure  these  quantities  are 
the  airspeed  indicator,  altimeter,  and  rate-of-climb 
indicator.  The  pressure  inputs  to  the  airspeed  in- 
dicator are  obtained  from  the  pitot  tube,  which 
measures  total  press  -re,  and  from  the  static  pressure 
source.  The  latter  alto  provides  pressure  for  the  al- 
timeter and  rate  of  climb  indicator. 

The  pressure  sources  on  the  outside  of  the  fuselage 
are  connected  directly  to  the  instruments  in  the  cabin 
area  by  means  of  leak-tight  tubing.  Design  and  con- 
&iruCUun  of  the  tubing  installation  ■$  governed  by 
M1L-P-55I8  and  MIL-P-8564.  No  valves  or  severe 
restrictions  are  permittee1.  Drain  fittings  shall  l*t  pro- 
vided, as  necessary,  at  low  points  in  the  sys.em  in 
order  to  permit  removal  of  condensed  moisture. 

Military  Specifications  governing  pitot  and  static 
systems  on  all  aircraft  and  missiles  are  MIL- P-26292 
and  MIL-I-61 15.  These  specifications  are  written  pri- 
marily for  conventional  aircraft,  but  are  applicable  to 
compound  helicopters  having  alternate  means  of  pro- 
ducing horizontal  thrust  and,  therefore,  increased 
forward  airspeed  capability. 

9-3.4. 1 Altimeters 

Most  altitude  measurements  arc  made  with  a sen- 
sitive absolute-pressure  gage,  called  an  altimeter, 
scaled  so  that  a pressure  decrease  indicates  an  alti- 
t ide  increase  in  accordance  with  the  Ui.’  Stsndaid  At- 
mosphere (Ref.  5).  If  standard  atmosphere  conditions 
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exist  and  the  altimetci  setting  is  29.92  in.  Hg,  the  al- 
timeter will  read  the  correct  field  elevation  when  the 
helicopter  is  on  the  ground.  The  altimeter  in  its 
simplest  form  is  shown  in  Fig.  9-63,  and  consists  of 
an  evacuated  diaphragm  or  capsule  mounted  in  an 
airtight  case  or  static-pressure  chamber.  The  dia- 
phragm responds  to  changes  in  pressure  by  expand- 
ing and  contracting,  and  the  movement  of  the  dia- 
phragm is  trensmittrd  to  a main  pinion  assembly. 
The  dial  is  calibrated  to  read  pressure  altitude.  The 
static  pressure  measured  Pm  at  the  static  source  of  the 
altimeter  may  differ  slightly  from  the  true  atmos- 
pheric pressure  p.  For  any  P ’m,  the  altimeter,  when 
corrected  for  instrument  error,  will  indicate  the 
measured  pressure  altitude  corrected  for  instrument 
error  Hm.  The  instrument  error  is  an  error  built  into 
the  altimeter,  consisting  of  such  things  as  scale  error. 
The  quantity  (PM  - p)  is  called  the  static  pressure 
error  or  position  error  and  is  determined  through 
flight  tests.  The  value  that  is  added  to  Hm  to 
determine  true  pres  sure  altitude  H is  termed  the  al- 
timeter position  error  correction  A//,. 


ro-is 
\"  •/ 


where 

H 

“ true  pressure  altitude,  ft 

* measured  pressure  altitude,  ft 

AW. 

- altimeter  position  crroi  correction, 

Minimum  performance  standards  for  a pressure- 
actuated,  sensitive  altimeter  are  given  in  FAA  TSO- 
ClOb.  There  also  are  a number  of  Military  Specifica- 
tions available  that  cover  specific  altimeters  currently 
used  by  the  military. 


Figure  9-63.  Altimeter  Schematic 
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The  design  and  installation  of  the  altimeter  system 
shaii  be  such  that  the  error  in  indicated  pressure  alti- 
tude at  sea  level  in  standard  atmosphere,  excluding 
instrument  calibration  error,  does  not  result  in  a 
reading  mere  than  30  ft  high  nor  more  than  30  ft  low 
in  the  level  flight  speed  range  from  0 mph  to  0.9  times 
the  maximum  speed  obtainable  in  level  flight  with 
rated  rom  and  power. 

9-3.4.2  Rate-of-dimb  Indicator 
The  rale-of-climb  indicator  uses  the  same  static 
pressure  source  as  the  altimeter.  A calibrated  flow 
restriction  is  placed  in  the  unit  to  restrict  the  passage 
of  air  into  the  instrument  case  when  the  measured 
static  pressure  changes.  The  time  lag  associated  with 
this  pressure  change  is  used  to  obtain  a pressure  dif- 
ferential on  two  sides  of  a diaphragm.  This  pressure 
differential  is  displayed  mechanically  as  change  in 
pressure  altitude  with  time  dH/de  at  standard  sea 
level  conditions.  The  relationship  is  in  accordance 
with  the  hydrostatic  equation  for  small  differences. 

A P - ^AW),  lb/ft-  (.9-2) 

where 

S “ acceleratior  due  to  gravity.  ft/secJ 
A H « height  difference,  ft 

A P - pressure  difference,  lb/ft1 
pd  - density  at  standard  sea  level  conditions, 
slug/ft’ 

The  slow  response  time  of  those  basic  mechanisms 
is  now  generally  corrected  by  the  incorporation  of  ac- 
celerometers which  provide  an  artificial  boost  of  air 
for  an  instantaneous  needle  movement. 

H4J  Airspeed  Indicators 

True  airspeed  V is  the  velocity  of  the  helicopter 
with  respect  to  *hc  sir  through  which  it  is  flying  It  « 

difficult  to  measure  true  airspeed  directly.  Instead, 
calibrated  airspeed  Vc  is  measured  Calibrated  air- 
speed is  determined  from  the  difference  be'ween  total 
pressure  and  static  pressure  using  Bernoulli's  com- 
pressible equation  for  frictionless  adiabatic  (isen- 
tropic)  flow.  Calibrated  airspeed  is  the  adopted  stan- 
dard reading  of  an  a*rspeed  indicator,  and  is  the  same 
as  true  airspeed  under  standard  sea  level  conditions. 
The  difference  between  total  pressure  P,  and  static 
pressure  P is  called  true  impact  pressure  qr 

*<m  P,~  >*.  P*i  (9-3) 

where 

P - static  pressure,  ps! 

P,  - total  pressure,  psi 

gc  " true  impact  pressure,  psi 

A tabulation  of  qc  as  a function  of  Vc  is  given  ir.  Ref.  6 
together  with  a complete  derivation  of  the  equations 


used  in  establishing  the  table.  Airspeed  indicators  are 
calibrated  according  to  these  relationship*. 

In  operation,  the  airspeed  indicator  is  similar  to  the 
altimeter.  However,  instead  of  being  evacuated,  the 
inside  of  the  capsule  is  connected  to  s total-pressure 
source  and  the  case  to  the  static-piessurt  source.  The 
instrument  then  senses  the  differences  between 
measured  pitot  (total)  pressure  p within  the  capsule 
and  measured  static  pressure  Pm  outside  as  shown  in 
Fig.  9-64.  The  pressure  differential  qc  (Eq.  9-4),  as 
measured  by  the  airspeed  indicator  when  corrected 
lor  instrument  emu,  will  correspond  to  measured 
calibrated  airspeed  VCm. 

<icm  - - r*  p«  CM) 

where 

P„  - measured  static  pressure,  psi 
P,m  • measured  pitot  pressure,  psi 
qCm  - measured  impact  pressure,  psi 
In  general,  this  will  vary  from  the  correct  calibrated 
airspeed  because  of  pitot  and  static  pressure  errors, 
and  an  airspeed  position  error  correction  A Vt  must 
be  added  to  Vtm  to  obtain  Vc 

A ■ Vc  - VCih,  kl  (9-5) 

where 

Vf  ~ calibrated  airspeed,  kt 

VCm  «■  measured  calibrated  airspeed,  kt 

A Ve  » airspeed  position  error  correction,  kt 
To  determine  its  significance,  this  correction  is  evalu- 
ated by  flight  testing  of  the  entire  airspeed  system. 

Specifications  have  been  written  to  establish  the 
acceptable  instrument  errors  and  general  construc- 
tion of  airspeed  indicators.  Table  9-2,  AMCP  706- 
203,  specifies  requirements  for  airspeed  indicator. 

Because  of  the  complex  flow  patterns  around  the 
helicopter  in  flight,  the  airspeed  system  must  be  flight 
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tested  in  order  to  evaluate  performance.  The  flight 
teat  for  airspeed  calibration  is  described  in  par.  $-5.2, 
AMCP  706-203.  This  flight  testing  must  be  accom- 
plished over  the  foil  range  of  flight  capabilities  of  the 
helicopter,  including  climbout,  cruise  over  the  entire 
speed  range,  avtorotation,  and  cideslip.  Flight  test 
techniques,  established  primarily  for  conventional 
aircraft,  are  described  in  Refs.  7,  8,  and  9.  Some 
specific  flight  test  instrumentation  for  V/STOL  air- 
craft is  described  in  Ref.  10. 

MA4  Total  pre-re  Sources 

Pitot  or  pitot-static  tubes  are  used  to  determine 
total  or  pitot  pressure,  which  is  defined  as  the 
pressure  of  the  air  when  it  is  brought  to  rest  isen- 
tropically.  True  total  pressure  is  measured  by  a 
sharp-lipped  pitot  opening  that  is  faced  directly  into 
the  airflow.  Pitot  pressure  errors  can  develop  when 
the  airflow  impinges  the  tube  at  an  angle  of  attack  or 
inddenoe.  A wind  tunnel  investigation  of  a number  of 
total-pressure  tubes  at  high  angles  of  attack  is 
described  in  Ref.  1 1 . Results  indicate  that  a sharp- 
lipped  opening  with  shallow  or  no  internal  and  exter- 
nal tapers  has  the  least  sensitivity  to  angle  of  attack. 

The  pitot  opening  is  very  susceptible  to  water  in- 
gestion. Therefore,  it  usually  is  desirable  to  place  a 
water-collection  chamber  and  drain  holt  in  the  pitot 
tube.  The  small  amount  of  airflow  that  passes 
through  the  pitot  tube  and  out  the  drain  hole  also 
causes  a pitot  pressure  error,  and  should  be  investi- 
gated for  each  design. 

Helicopters  can  and  do  operate  in  atmospheric 
conditions  that  are  conducive  to  producing  ice,  c.g., 
from  supercooled  water  droplets  in  the  air  or  from 
freezing  rain.  The  tip  of  the  pitot  opening,  because  it 
is  in  a stagnant-flow  region,  is  susceptible  to  blocking 
by  ice,  and  can  become  completely  plugged  and  in- 
operative even  before  an  appreciable  accumulation  of 
ice  has  developed  on  the  rotors  and  other  parts  of  the 
vehicle.  It,  therefore,  is  important  to  use  electricially 
heated  pitot  tubes  that  are  capable  of  deicing  and 
anti-icing  under  the  most  severe  atmospheric  con- 
ditions that  are  likely  to  occur  in  flight. 

Pitot  tubes  normally  are  pi  seed  in  the  forward  area 
of  the  heli  opter,  outside  of  the  airflow  boundary 
layer.  Loca  ions  high  on  the  fuselage  are  desirable  in 
order  to  avoid  ground  damage.  The  pitot  tube  shall 
be  pointed  into  the  nominal  flow  direction,  and 
should  not  be  placed  behind  any  protrusion  that 
could  cause  flow  separation  ahead  of  the  tube.  It  also 
should  not  be  located  aft  of  windows  or  openings  that 
could  exhaust  airflow  into  the  pitot  opening.  It  shall 
be  located  where  the  downwash  from  the  rotors  does 
nol  cause  large-flow  angles  of  attack  and  excessive 
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flow  pulsations.  Locations  on  the  forward  top  of  the 
canopy  or  above  the  rotor  on  a stationary  rotor  hub 
have  been  found  satisfactory. 

Rotor  downwash  can  cause  pressure  pulsation  in  a 
pitot  tube.  Ref.  12  evaluates  the  effect  of  these  pulsa- 
tions on  total  pressure.  Proper  design  of  the  pitot 
tube  and  connecting  lines  for  pressure-lag  response, 
together  with  a favorable  mounting  location  out  of 
severe  dov/nwash,  can  eliminate  the  pulsation  prob- 
lem. Right  test  investigation  ol  pretisure-lag  prob- 
lems is  documented  in  Ref.  7. 

Although  oi.e  pitot  tube  is  sufficient  for  obtaining 
total  pressure,  it  is  recommended  that,  if  there  are 
two  sets  of  instruments  (i.e.,  two  airspred  indicators), 
separate  pitot  sources  be  used  for  each  indicator.  Thii 
redundancy  permits  detection  of  a faulty  pitot 
pressure  reading  caused  by  a plugged  or  iced-ovc. 
pitot  opening  or  a pressure  leak  in  the  system. 

9-3.4.S  S'stfc  Pressure  Sources 

A number  of  helicopters  arc  designed  with  flush 
static  pressure  vents  located  on  the  fuselage.  These 
static  vents  or  ports  shall  be  located  such  that  vehicle 
speed,  the  opening  or  closing  of  windows,  airflow 
variation,  and  iiiOitiuic  ui  cihcr  foreign  matter  wiii 
not  affect  their  accuracy  seriously.  Each  altimeter, 
airspeed  indicator,  and  rate-of-dimb  indicator  shall 
be  connected  into  the  system  in  an  airtight  manner, 
except  for  the  static  vents. 

Two  static  vents  normally  comprise  the  static 
pressure  system.  They  are  located  symmetrically  on 
the  right  and  left  sides  of  the  fuselage,  and  are  inter- 
connected to  the  flight  instruments  by  a single  tube 
containing  a T-fltting  located  halfway  between  the 
two  vents.  This  right-  and  left-hand  installation  is 
used  in  order  to  reduce  sideslip  errors  in  the  system, 
ana  also  provides  a partial  redundancy  if  one  of  the 
vents  becomes  plugged  or  damaged,  or  if  a leak 
develops.  For  helicopters  with  advanced  speed  and 
altitude  capabilities,  a leak  to  a pressurized  cabin 
area  could  cause  a serious  static  pressure  error.  In 
this  case,  two  completely  separate  static  systems  with 
separate  right  and  left  vents  should  be  used  if  there 
arc  two  sets  of  flight  instruments. 

Common  locations  for  static  vents  arc  on  the  sides 
of  the  fuselage  aft  of  ihe  cabin  or  on  the  tail  boom.  A 
location  shall  be  selected  that  is  not  sensitive  to  rotor 
downwash  or  forward  speed,  and  that  is  away  from 
windows,  doors,  or  air  vents  that  could  produce  a 
variable  airflow  geometry  in  the  vicinity  of  the  vents. 
A flight  test  program  is  necessary  in  order  to  deter- 
mine the  pressure  influence  of  all  vat  iables,  in  addi- 
tion to  the  calibration  under  conditions  of  climbout, 
cruise  over  the  speed  range,  and  autorotation. 
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Static  vents  shall  be  located  so  that  no  moisture  can 
enter  tiie  openings  under  any  service  conditions.  The 
static  vent  plate  should  be  heated  if  there  is  a prob- 
ability that  ice  could  seal  over  the  static  vent.  Other 
pertinent  design  information  for  flush  static  vents  can 
be  obtained  f:vra  MIL-I-61 1 5 and  MIL- P-26292. 

M.ti  Pitot-Made  Tabes 

On  recent  helicopters,  the  pitot  and  static  pressure 
sources  have  been  combined  into  a pitot-static  tube. 
This  tube  can  be  straight  for  boom  mounting,  or  L- 
shaped  f >r  mounting  directly  to  the  fuselage.  Accep- 
table mounting  locations  are  on  a short  boom  ahead 
of  the  nose  of  the  helicopter  on  a stationary  hub  on 
tbc  top  of  the  rotor,  and  on  the  top  of  the  cabin  — 
toward  the  front,  yet  near  the  rotor  hub.  Locations 
on  the  forward  sides  of  the  fuselage  also  are  accep- 
table. However,  low  locations  on  the  bottom  of  the 
fuselage  usually  are  susceptible  to  ground  damage.  If 
the  tube  is  located  at  the  rear  of  the  fuselage,  right- 
and  left-mounted  units  should  be  used  in  order  to 
reduce  the  influence  of  sideslip  on  the  static  pressure 
measurement.  For  redundancy,  two  pitot-static  tubes 
sure  recommended  for  aii  helicopters  having  two  sets 
of  flight  instruments.  Pitot-static  tubes  also  can  be 
designed  with  two  sets  of  static  ports  if  additional 
static  sources  are  required. 

Minimum  requirements  for  pitot-static  tubes  are 
specified  in  MIL-P-3.  136.  It  is  recommended  that  all 
pitot-static  tubes  be  capable  of  completely  deicing 
and  anti-icing  under  the  most  severe  enviionmental 
conditions  likely  to  be  encountered  in  flight.  Place- 
ment of  the  static  ports  on  a pitot-static  tube  also 
assures  adequate  deicing  of  the  static  vents. 

Pitot-static  tubes  offer  the  possibility  of  aerody- 
namic compensation  for  static-pressure  errors.  This  is 
accomplished  by  seletfively  designing  the  shape  of 
the  tube  and  the  location  of  the  static  pressure  ports. 
A general  description  of  aerodynamic  compensation 
is  given  in  Ref.  13.  The  concept  is  used  extensively  for 
conventional  aircraft,  both  commercial  and  military. 
MIL-P-83207  applies  for  straight-boom-mounted, 
aerodynamicaliy  compensated  pitct-static  tubes;  and 
MIL-P-83206,  covers  L-shaped,  compensated  tubes. 

Placement  of  the  static  ports  on  the  pitot-static 
tube  and  away  from  the  fuselage  skin  also  can  reduce 
errors  caused  by  local  skin  irregularities  in  the  vicini- 
ty of  flush  static  vents.  An  extensive  investigation  of 
surface  irregularities  and  nonreproducibility  has  been 
peifor.ned  for  conventional  aircraft  (Ref.  9). 
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CHAPTER  10 

INSTRUMENTATION  SUBSYSTEM  DESIGN 


10-1  INTRODUCTION 

Tht  chapter  discusses  the  instrumentation  neces- 
sary in  the  helicopter  cockpit  to  permit  assigned  mis- 
aions  to  be  performed.  Because  missions  must  be  con- 
ducted at  night,  or  under  IFR  conditions,  the  require- 
ments for  lighting  of  the  instrument  and  control  pan- 
els an  included. 

The  instruments  requited  in  order  to  provide  the 
pilot  with  the  information  necessary  to  conduct  as- 
signed missions  normally  should  be  grouped  by  func- 
tional categories.  Included  arc  flight,  navigation,  heli- 
copter subsystem,  and  weapon  system  instruments. 
Installation  requirements  for  instrumentation  are  dis- 
cussed separately.  Because  of  the  h:gh  vibration  en- 
vironment in  which  helicopter  instruments  operate, 
they  shall  be  designed  and  qualified  to  survive  curve 
M (5G’s)  of  method  514  of  MIL-STD-8I0B. 

The  definition  of  the  total  helicopter  instrumen- 
tation package  shall  include  the  arrangement  of  all 
displays  and  controls  in  the  cockpit.  Aircrew  station 
instrument*  and  displays  shall  be  located  in  ac- 
cordance with  MIL-STD-250,  unless  unique  mission 
requirements  and  supporting  human  factors  en- 
gineering (HFE)  analysis  dictate  otherwise.  Displays 
for  other  crew  stations  shall  be  arranged  to  provide 
good  control /display  compatibility,  along  with  mini- 
mum workload  and  minimum  opportunity  for 
human  error.  The  most  satisfactory  method  of  as- 
suring that  these  goals  are  achieved  is  by  a systematic 
HFE  analysis  which  should  be  accomplished  as  early 
in  the  design  phase  as  possible.  It  is  discussed  in  more 
detail  in  par.  13-3,  AMCP  706-201.  Formal  mock-up 
review  and  evaluation  are  discussed  in  Chapter  5, 
AMCP  706-203.  The  formal  function  of  the  aircraft 
mock-up  is  not  limited  to  the  evaluation  of  the  in- 
strument subsystem. 


10-2  INSTRUMENTATION  LIGHTING 
REQUIREMENTS 

16-2.1  GENERAL 


* 


The  lighting  concepts  in  use  today  vary  from  red  to 
white  in  the  color  spectrum,  and  from  direct  lighting 
to  diffused  indirect  lighting  techniques.  A number  of 
solid-state,  light-emitting  instruments  recently  have 
been  developed,  and  these  may  be  appropriate  for  use 
in  helicopter  cockpits.  Such  app'icstions  have  used 
electroluminescent  (EL)  lighting,  liquid  crystals,  and 
light-emitting  diodes  (LED). 


The  lighting  concept  shall  consider  the  total  cock- 
pit instrumentation  requirements  rather  than  in- 
dividual needs.  The  necessity  to  consider  all  require- 
ments cannot  be  overemphasized.  Also,  because  the 
airframe  developer  usujalty  procures  cockpit  in- 
strumentation from  many  different  sources,  he  mutt 
recognize  his  role  as  the  cockpit  lighting  integrator 
early  in  the  detail  design  process  or  the  resulting 
cockpit  lighting  will  suffer  from  problems  of  varying 
colors,  imbalance,  and  unevenness  even  though  all 
vendors  are  designing  to  the  same  requirements.  Con- 
trol of  cockpit  glare  and  reflections  also  must  be  ad- 
dressed by  the  airframe  developer. 

Except  for  the  primary  instrument  lighting,  the 
cockpit  lighting  for  all  helicopters  shall  be  designed  in 
accordance  with  the  applicable  provisions  of  MIL-L- 
6503.  Integrally  lighted  instruments  having  a white 
lighting  syotm  shall  be  designed  according  to  MIL- 
L-27160. MIL-L-25467  shall  br  used  if  operator  re- 
quirement* dictate  the  use  of  red  lighting.  Aii 
switches,  radio  controls,  auxiliary  controls,  and  cir- 
cuit breaker  panels  shall  be  illuminated  by  plastic- 
plate,  edge-lighted  panels,  as  specified  in  MIL-P-7788 
and  MIL-L-81774  for  red  lighting  or  MIL-P-S333S 
for  white  lighting.  The  secondary  instrument  panel 
lighting  system  shall  provide  a minimum  of  10  ft- 
candles  of  either  red  or  white  illumination  on  the  sur- 
face of  the  main  instrument  panel. 

10-2.2  LIGHTING  INTENSITY  CONTROL 

Unleu  otherwise  specified  by  the  procuring  ac- 
tivity, the  instruments  shall  be  grouped  on  con- 
tinuously variable  lighting  intensity  controls  a* 
follows: 

1.  Side-by-side: 

a.  Pilot’s  basic  flight  and  navigation  displays  on 
main  instrument  panel 

b.  Co-pilot’s  bcsic  flight  and  navigation  dis- 
plays on  main  instrument  pane) 

c.  Propulsion  and  other  subsystem  displays  on 
main  instrument  panel 

d.  Center  console 

e.  Overhead  console 

f.  Secondary  panel  lighting 

2.  Tandem: 

a.  Pilot’s  basic  flight  and  navigation  displays  on 
main  instrument  panel 

b.  Pilot’s  propulsion  and  other  subsystem  dis- 
plays on  main  instrument  panel 
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c.  Pilot's  aide  consoles 

d.  Pilot's  secondary  panel  lighting 

e.  Co-pilot/gunner's  main  instrument  panel 

f.  Co-pikH  gunner's  side  consoles 

g.  Co-pilot/gunner's  secondary  panel  lighting. 
Lighting  rheostats  shall  be  capable  of  continuous 

a4justment  from  FULL  “ON"  to  FULL  “OFF"  to 
provide  the  low  settings  required  for  use  with  light 
amplification  devices  such  ss  night  vision  goggle*.  A 
single  switch  to  control  all  cockpit  lighting  shall  be 
provided  if  night  vision  goggles  will  be  used  ex- 
tensively. 


LOA  INTENSITY  READABILITY 

Particular  attention  must  be  directed  toward  opti- 
mizing the  primary  instrument  lighting  and  edge-lit 
panels  for  readability  at  low  intensity  settings.  All 
pointer,  scale  markings,  and  nomenclature  shall  be 
readable  at  30%  rated  voltage  when  viewed  from  a 
distance  of  32  in.  under  fully  dark  adapted  con- 
ditions. This  can  beat  be  accomplished  by  main- 
taining uniformity  in  scale  design,  and  letter  size  and 
font.  Two  instruments  may  differ  significantly  in  the 
total  iiiii  of  the  dis!  fssc  sssTkisgs  and  ike  instru- 
ment with  the  greeter  total  marking  area  will  appear 
brighter.  Careful  attention  to  balancing  the  area 
between  instruments  will  reduce  the  differences.  In 
some  caaee  a resistor  may  be  added  in  the  lighting  cir- 
cuit of  the  instrument  with  greater  apparent  bright- 
ness if  matching  the  area  of  the  dial  face  markings  is 
not  practical.  Additional  design  guidance  in  instru- 
ment lighting  design  may  be  found  in  Refs.  4 and  S. 


lb-2.4  WARNING,  CAUTION,  AND  ADVISORY 

otnuiut 

OQUIIIMM 

All  warning,  caution,  and  advisory  signals  shall  be 
dnagnod,  displayed,  and  operated  in  accordance  with 
MIL-STD-4I 1 . A warning  signal  is  a signal  assembly 
indicating  the  existence  of  a hazardous  condition 
inquiring  immediate  corrective  action.  A caution 
signal  is  a signal  assembly  indicating  the  existence  of 
an  impending  dangerous  condition  requiring  at- 
tention but  not  necessarily  immediate  action.  An  ad- 
visory signal  is  a signal  assembly  indicating  safe  or 
normal  configuration,  condition  of  performance, 
operation  of  essential  equipment,  or  to  attract  at- 
tention und  impart  information  for  routine  action 
purposes.  Special  consideration  shall  be  given  to 
minimizing  erroneous  signals,  and  to  combining 
several  input  parameters  through  logic  networks  in 
order  to  provide  a more  credible  signal  for  such  com- 
plex and  critical  situations  as  an  engine-out  con- 
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dition.  The  use  of  a voicu  warning  system  (VWS)  slao 
should  be  considered.  VWS  is  advantageous  par- 
ticularly during  mission  phases  when  the  crew's  task 
loading  it  high  and  their  attention  is  directed  oulridt 
the  cockpit.  Under  such  conditions,  a light  signal  fre- 
quently may  go  undetected  for  long  periods  of  time. 
In  addition  when  a problem  it  detected  via  a raatur 
caution  or  warning  light,  tbs  specific  out uca  or 
warning  light  then  must  bo  located  and  read,  and  cor- 
rective action  initiated  or  deferred,  depending  upon 
the  criticality  of  the  problem.  With  VWS,  tho  craw  is 
made  aware  immediately  of  the  exact  nature  of  the 
proolem  and  can  decide  whether  to  initiate  or  defer 
corrective  action  without  diverting  attention  from 
primary  tanks.  However,  as  with  a visual  overhead, 
noise  and  auditory  load  may  not  provide  an  environ- 
ment conducive  to  the  detection  and  recognition  of 
aural  caution  or -warning  signals  Tha  final  mix  of 
visual  and  auditory  caution/ warning  signals  shall  be 
based  on  a human  factors  analysis  of  (1)  critkaNty, 

i.c.,  time  available  to  respond  to  each  caution  war- 
ning signal;  and  (2)  the  visual  and  audio  workload  of 
each  mission  segment  for  which  a caution/ warning 
signal  is  critical.  The  lists  of  warning,  caution,  and 
advieory  signals  that  follows  are  provided  as  a 
suggested  baseline.  The  final  uOhuf'wauuS  must  be 
determined  from  the  subsystem  failure  modes  and 
effects  analysis,  and  the  previously  mentioned  HFE 
analysis. 

10-L4.1  Waning  Signals 

Warning  signals  should  include,  but  not  be  limited 
to,  the  following  information: 

1 Engine  out  (identify  engine  if  mulliengine) 

2.  Engine  fire  (identity  engine  if  multiengine) 

3.  Landing  gear  up  (if  retractable  gear  installed) 

4.  APU  fire  (if  applicable) 

5.  Other  fire  u>nea  (as  appropriate) 

6.  Low/ high  rotor/engine  RPM. 

14-242  Cenrion  Signets 

Caution  signals  should  include,  but  not  be  limited 
to,  the  following  information: 

1.  Low  transmission  oil 

2.  Low  engine  oil  pressure  (identify  engine  if  mul- 
tiengine) 

3.  Low  hydraulic  fluid  pressure  (identity  system) 

4.  High  engine  oil  temperature  (identify  engine  if 
multknginc) 

5.  Low  engine  fuel  pressure  (identity  engine  if 
multiengine) 

6.  Engine  fuel  pump  inoperative  (identity  engine 
if  multiengifie) 
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7.  Low  fuel  quantity  (20-min  warning) 

8.  Fuel  filter  bypass  operating  (for  each  filter) 
9..  Oil  filter  bypass  operating  (for  each  filter) 

10.  Chip  detector  (engine) 

i I . Chip  detector  (accessory  lection) 

12.  Chip  detector  (transmission) 

13.  Chip  detector  (tail  rotor  gearbox) 

14.  Engine  inlet  icing  (if  applicable) 

15.  Other  icing  detector*  (where  appropriate) 

16.  Electrical  system  failure  (both  AC  and  DC) 

17.  Eaaential  AC  bua  OFF 

18.  Main  tranamiaaion  oil  preasure 

19.  Main  tranamiaaion  oil  temperature 

20.  APU  low  oil  preaaure  (if  applicable) 

21.  APU  high  oil  temperature  (if  applicable) 

22.  APU  rotor  apeed  (low /high)  (if  applicable) 

23.  SAS  failure 

24.  Oil  coo'er  bypass  operating 

25.  Low  oil  level  for  each  independent  oil  sub- 

aytcm. 

26.  Drive  ayatem  overtorque  (if  engine  rating  ia 
aigniftcanlly  higher  than  drive  ayatem). 

S62.4J  Advisory  lights 

AdWiory  iight*  should  include,  but  not  be  'limited 
to,  the  following  information: 

1 . AFC5  disengage 

2.  Pilot  heat  ON 

3.  Parking  brake  ON 

4.  Anti-ice  ON  (if  applicable) 

5.  External  power  ON 

6.  Starter  ON 

7.  Rotor  brake  (if  applicable) 

6.  APU  ON  (it  applicable). 

!<K5  FLIGHT  INSTRUMENTS 

16-3.1  GENERAL 

Helicopter  flight  instruments  are  basically  similar 
to  those  of  fixed-wing  aircraft  although  frequently 
they  are  optimized  or  provided  with  additional 
features  to  make  them  more  suitable  for  helicopters. 

This  paragraph  discusses  preferred  arrangements 
and  other  characteristics  for  the  selection  of  heli- 
copter flignt  instruments.  The  detail  specifications 
will  define  when  multiple  installations  are  required. 

16<3JI  AIR  SPEED  INDICATORS 

In  view  of  the  ability  of  the  helicopter  to  fly  at  very 
low  airspeeds,  including  hover,  airspeed  indicators 
suitable  for  use  in  fixed-wing  aircraft  are  not  ac- 
ceptable for  installation  in  helicopters.  Instruments 
having  increased  accuracy  in  the  low-airspeed  range 
have  been  qualified,  and  shall  be  specified  for  heli- 


copter installation.  Airspeed  systems  that  are  capable 
of  measuring  and  displaying  both  the  magnitude  and 
direction  of  the  relative  wind  should  be  considered 
when  accurate  relative  wind  data  are  required  to  im- 
prove weapon  or  navigation  system  accuracy,  or 
when  relative  wind  limitations  during  hover  are 
critical. 

10-3.3  ALTIMETERS 

Barometric  altimeters  installed  in  Army  heli- 
copters shall  be  of  the  counlei-drum-poinler  con- 
figuration. A maximum  altitude  reading  of  30,000  ft 
is  adequate  for  use  in  helicopters.  One  of  the  alti- 
meters in  each  helicopter  shall  provide  encoded  alti- 
tude information  to  the  transponder  compatible  with 
tki  CONUS  air  traffic  control  system. 

Some  mission  applications  may  require  an  altitude 
display  that  provides  an  accurate  and  direct  in- 
dication of  relative  altitude  or  height  above  the 
terrain.  In  these  cases,  radio  or  radar  altimeter*  will 
be  specified  in  addition  to  barometric  altimete>  s. 

163.4  TURN-AND-BANK  INDICATORS 

The  turn-and-bank  indicator  provides  rate  of  turn, 
and/or  needle  and  bail  sideslip  information,  in  some 
cases,  the  turn-and-bank  indicator  should  be  com- 
bined with  the  attitude  indicator.  However,  the  turn 
rate  gyro  and  the  attitude  gyro  shall  be  provided  with 
independent  power  sources. 

163.5  ATTITUDE  INDICATOR 

The  attitude  indicator  provides  the  pilot  with  a 
substitute  for  the  real  horizon  as  a rclerencc  for  main- 
taining desired  aircraft  pitch  and  roll  attitude  under 
all  flight  conditions.  A typical  attitude  indicator  is  the 
IND-A5-UH1.  This  device  is  an  electrically  driven 
(400  Hz)  gyro  that  is  housed  in  a standard  5-in.  in- 
strument case,  a size  that  is  preferred  for  ease  and  ac- 
curacy of  reading  and  interpretation.  Because  of  the 
magnitude  of  instrumentation  required  in  m-/..  Army 
helicopters,  the  basic  attitude  indicator  generally  is 
replaced  with  a more  highly  integrated  display  such 
as  a vertical  situation  indicator  (VSI).  The  VS1,  if 
specified,  shall  provide  the  following  as  a minimum: 
attitude  (pitch  and  roll),  rate  of  turn,  inclinometer  in- 
formation (slip  and  skid),  FM  homing  and  station 
passage,  glide  slope,  pitch  and  roll  trim,  and  weak 
signal  flag  alarm.  When  a flight  director  system  is 
provided,  command  bars  arc  added  to  the  above  re- 
sulting in  an  instrument  referred  to  as  an  altitude 
director  indicator  (ADI).  An  example  of  an  ADI 
which  has  been  optimized  for  helicopter  application, 
including  a collective  pitch  command,  is  shown  in 
Fig.  161. 
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1.  GYRO  FLAG 

2.  ROLL  ATT.  SCALc 

3.  ROLL  ATT.  INDEX  POINTER 

4.  FLIGHT  DIRECTOR  CMD.  FLAG 

5.  PITCH  ATT.  SCALE 

t.  DECISION  HEIGHT  LAMP 

7.  VERTICAL  DEVIATION  SCALE 

8.  VERTICAL  DEVIATION  POINTER 

9.  VERTICAL  DEVIATION  FLAG 
10,  PITCH  TRIM  KNOB 


11 . LATERAL  DEVIATION  SCALE 

12.  RATE  OF  TURN  SCALE 

13.  RATE  OF  TURN  POINTER 

14.  INCLINOMETER 

15.  PAD  SYMBOL 

16  ROLL  TRIM  KNOB 

17.  ROLL  CMD.  POINTER 

18.  COLLECTIVE  CMD.  POINTER 

19.  HELICOPTER  SYMBOL 

20.  PITCH  C HD.  POINTER 


KM 


Figaro  10*1.  Typical  HoUceptor  AttMaie  Director  Mkator 
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IMA  RATE-OF-CL1MB  INDICATORS 

The  mechanization  of  rate-of-climb  indicators  it 
described  in  par.  9-3.4.2.  Rate-of-climb  indicator*  in- 
stalled in  Army  helicopters  shall  be  the  rapid  re- 
sponse accelerometer-aided  type  with  a scale  range  of 
dfc  6000  fpm. 

I<M  NAVIGATIONAL  INSTRUMEN- 
TATION 

10-4.1  GENERAL 

The  types  of  navigational  systems  used  in  Army 
helicopters  are  dependent  upon  the  mission  as- 
signed. The  types  of  equipment  to  be  installed  will  be 
defined  by  the  detail  specification  for  each  model  of 
helicopter.  The  detail  specification  also  will  indicate 
Government-furnished  and  contractor-furnished 
equipment.  This  paragraph  discusses  the  types  of 
navigation  instrumentation  most  commonly  em- 
ployed in  Army  helicopters.  The  navigational  systems 
that  these  displays  are  based  upon  and  the  functions 
performed  by  them  arc  described  in  par.  8-3. 

10-4.2  TYPES  OF  INSTRUMENTS 

The  instrumentation  required  for  1FR  flight  is 
defined  in  AR  93-1.  The  minimum  required  naviga 
lion  instrumentation  is: 

1 . Magnetic  compass  with  current  calibration  card 

2-  Clock  with  sweep  second  hand 

3.  Gyro-stabilized  heading  reference 

4.  Automatic  diiection  finder  (ADF) 

3.  VOR  receiver  (if  VOR  facilitcs  are  to  be  used). 


Typically,  these  minimum  requirements  are  met  with 
three  instruments:  clock,  standby  magnetic  compass, 
and  radio  magnetic  indicator  (RMI)  which  displays 
the  last  three  of  the  given  functions  on  an  instrument 
similar  to  that  shown  in  Fig.  10-2. 

If  mission  requirements  include  extensive  CONUS 
IFR  flight,  a simplified  course  indicator  similar  to 
that  shown  in  Fig.  10-3  may  be  added  to  provide 
VOR/ILS  course  deviation;  or  the  functions  of  the 
RMI,  and  course  indicator,  combined  on  a hori- 
zontal situation  indicator  (HSI)  similar  to  that  shown 
in  Fig.  104.  The  HSI  provides  the  additional  capa- 
bility of  displaying  the  distance  to  the  selected  navi- 
gation aid  or  way-point.  The  capability  to  display 
both  range  (in  kilometers)  and  bearing  to  selected 
waypoints  shall  be  provided  if  mission  requirements 
include  nap-of-the-carth  (NOE)  navigation. 


1.  HORIZONTAL  POINTER 

2.  RECIPROCAL  POINTER 

3.  VERTICAL  POINTER 

4.  COURSE  POINTER 

5.  COURSE  SELECTOR  KNOB 


Figure  1C-3.  Course  Indicator 
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10-4,3  Map  Dhplijn  , 

Because  controlling  the  helicopter  and  main- 
taining geographical  orientation  are  both  very  de- 
i landing  tuki  in  NOE  flight,  a map  display  may  be 
considered  to  reduce  crew  workload.  The  capability 
to  display  present  position  continuously  is  parti- 
cularly viilubie  when  terrain  obstacles  require  fre- 
quent heading  changes.  Map  displays  arc  generally 
either  of  the  projected  film  or  paper  roller  type.  The 
primary  advantages  of  each  of  these  types  are: 

1.  Projected  Map  Display  Advantages: 

a.  Simpler  map  preparation  for  a specific  mis- 
sion 

b.  Larger  map  storage  capability 

c.  Display  can  be  oriented  either  track-up  or 
north  up 

d-  Simple  in  flight  scale  change 

2.  Roller  Map  Display  Advantages. 

a.  Lower  Initial  cost 

b-  Easier  prefiight  and  inflight  annotation 

10-5  HELICOPTER  SUBSYSTEM  IN- 
STRUMENTATION 

10-3.1  GENERAL 

Subsystem  instrumentation  provides  cockpit 
references  that  describe  the  condition  of  engines, 
secondary  power  systems,  and  ancillary  equipment. 
When  pilot  and  copilot  are  seated  side-by-side,  the 
moat  common  instrument  panel  arrangement  groups 
the  subsystem  instruments  in  the  center  of  the  panel. 
When  the  pilots  are  seated  in  tandem,  it  is  necessary 
to  duplicate  some  of  the  subsystem  instruments  and 
to  place  then  on  each  pilot's  panel.  Preferred  lo- 
cations are  given  in  MIL-STD-250. 

10-5.2  INSTRUMENTATION  REQUIRED 

The  number  and  complexity  of  the  instruments  arc 
limited  to  the  minimum  required  for  safe  and  ef- 
ficient operation  of  the  individual  subsystems. 

The  amount  of  instrumentation  required  depends 
upon  the  size  of  the  helicopter  and  the  complexity  of 
its  subsystems.  A single-engine,  light  helicopter  ob- 
viously requires  less  instrumentation  than  a multi- 
engine.  transport  helicopter.  Cost,  weight,  and  panel 
space  savings  frequently  can  be  realized  by  having 
several  similar  parameters  share  the  same  display. 
Since  many  subsystem  parameters  arc  of  concern 
only  in  event  of  a malfunction,  the  appropriate  para- 
meter can  be  selected  manually  cr  automatically  for 
display  when  a caution  light  illuminates.  Rapid  ad- 
vances in  electronics  may  result  in  the  cost-effective 
replacement  of  many  individual  instruments  with  a 
CRT  display,  symbol  generator,  and  digital  proces- 


sor. This  approach  becomes  particularly  attractive  in 
the  event  sufficient  onboard  computer  capacity 
exists.  Unless  otherwise  specified  in  the  detail  speci- 
fication, the  following  subsystem  parameters  shall  be 
displayed: 

I.  Gas  generator  rotor  speed,  calibrated  in  per- 
cent, for  each  engine,  and  for  the  APU  (if  applicable) 

2.  Tu'bine  gas  temperature,  calibrated  in  °C.  for 
each  engine,  and  for  the  APU  (if  applicable) 

3.  Output  shaft  speed,  calibrated  in  percent,  for 
each  engine 

4.  Output  shaft  torque,  calibrated  in  percent,  for 
each  engine 

5.  Total  torque,  calibrated  in  percent  for  all 
engines,  if  mullicnginc 

6.  Rotor  speed,  calibrated  in  percent,  for  the 
main  rotor 

7.  Oil  temperature,  calibrated  in  °C,  for  each 
engine 

8.  Oil  pressure  calibrated  in  pounds  per  square 
inch  (gage),  lor  each  engine 

9.  Fuel  quantity,  calibrated  in  pounds,  for  each 
fuel  tank 

10.  Total  fuel  quantity,  calibrated  in  pounds,  for 
all  fuel  tanks 

II.  Oil  pressure,  calibrated  in  pounds  per  square 
inch  (gage).  for  each  pressure  lubricated  gearbox 

12.  Oil  temfcrature,  calibrated  in  °C,  for  each 
drive  subsystem  gearbox. 

Electrical,  hydraulic,  and  pneumatic  subsystem  in- 
strumentation should  be  based  on  subsys»em  capaci- 
ty, redundancy,  and  failure  modes.  When  redundant 
hydraulic  systems  or  redundant  generators  — either 
of  which  is  capable  of  carrying  the  entire  electrical 
load  — are  provided,  caution  lights  indicating 
generator  failure  or  loss  of  hydraulic  pressuie  may 
prove  sufficient. 


HV6  WEAPON  SYSTEM 

INSTRUMENTATION 

10-6.1  GENERAL 

This  paragraph  describes  the  required  design  stan- 
dards for  controls  and  instruments  for  the  helicopter 
armament  subsystem.  Contrary  to  flight  and  navi- 
gation displays,  which  frequently  can  be  selected  ofT- 
ihe-shelf  with  little  or  no  modification,  weapon 
system  instrumentation  is  generally  uniqr:  o the 
weapons  mix  on  a specific  airframe.  Carcf  n- 
tion  to  mission  requirements  and  estatiis: 
ciplcs  of  human  engineering  are  required  to  ; 
an  optimized  man/machine  weapon  system.  ..e 
armament  controls  and  instruments  should  provide 
the  operator  wi'h  rupid  armament  subsystem  status 
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indication,  and  with  rapid  control  of  the  particular 
•yitem*  and  selection  of  various  available  options. 
Shape  coded  controls  should  be  considered  to  allow 
the  operator  to  select  the  various  sight  inodes,  and 
types  and  quantities  of  ordnance  with  a minimum  di- 
version from  his  search  or  treating  tasks.  The  design 
skill  provide  the  operator  with  up-to-the-minute 
store  inventory  information  in  order  to  insure  the  in- 
telligent choice  of  ordnance  for  firing.  Design  con- 
sideration also  sha!!  be  given  to  preclude  inadvertent 
activation  of  "the  weapon  systems. 


10-6J?  DESIGN  REQUIREMENTS 

For  all  weapon  control  systems,  the  following 
design  requirements  shall  be  app'  ed- 

!.  Multiple,  and  preferably  sequential,  actions  are 
required  from  the  initial  control  operation  to  the  nor- 
mal firing  or  release  of  the  ordnance.  All  weapon 
controls  and  circuits  shall  be  fail-safe  so  as  to  prevent 
firing  or  release  of  ordnance  in  the  event  of  improper 
control  operations  or  sequences.  Where  practicable, 
the  design  should  make  it  either  mechanically  or  elec- 
trically impossible  to  actuate  control  circuits  :n  an 
improper  sequence.  The  operator  shall  be  provided 
with  feedback  to  indicate  improper  sequencing.  If 
deemed  necessary,  it  is  permissible  to  have  controls 
serving  dual  functions;  however,  in  no  case  should 
safety  be  compromised.  Controls  used  for  prearm  or 
release  shall  be  made  unique  to  that  operation. 

2.  Where  practicable,  all  armament  controls  and 
indicators  with  the  exception  of  the  firing  switch  shall 
be  grouped  together.  The  group  should  be  outlined 
hy  a 3/ 16-in  red  border  (Color  3 116,  ~ED-STD-595). 
Orange-yellow  (Color  23538,  FED-^TD-395)  and 
black  (Color  27038,  FED-STD-595)  striped  borders 
shall  be  used  to  outline  armament  groups  when  red 
compartment  lighting  is  used.  Placard  abbreviations 
shall  be  made  for  each  indicator  and  control  in  ac- 
cordance with  MIL-STD-783  and  AHA  BUL  261. 
Preferred  locations  arc  shown  ir.  MIL-STD-250. 

3.  A complete  failure  mode  and  effect  analysis 
(FMEA)  during  the  design  stage  is  desirable  in  order 
to  preclude  the  inadvertent  design  of  unsafe  failure 
modes  into  the  system. 

10-6.2.1  Arming,  Fuzing,  and  Suspension  and 
Release  Control  Design 

Requirements  for  the  helicopter  arming,  fuzing, 
and  suspension  and  release  control  systems  include: 

I.  The  helicopter  commander  shall  be  provided 
with  the  capability  to  permit  and/or  to  prohibit  pre- 
arming  and  arming  of  the  weapons. 


2.  Two  activations  are  required,  preferably  by  two 
separate  controls  which  should  be  separated  so  that 
they  cannot  be  actuated  by  one  movement.  For 
example,  mosi  turrets  require  that  both  an  “Action” 
o»  “Dcadman"  switch  and  a trigger  be  depressed 
before  the  weapon  will  fire.  Lever-lock  and/or  hood- 
ed configurations  shall  be  used  for  ail  master  arming 
switches.  These  controls  shall  be  designed  so  that  in- 
advertent activation  is  prevented.  A wiil-to-uoc  con- 
trol caoability  should  be  provided.  Both  the  design 
and  the  crew  responsibility  for  this  control  should  be 
developed  based  upon  human  factor  studies  of  the 
particular  system. 

3.  Reversible,  inflight  capability  of  arming  and  re- 
turning to  an  unarmed,  or  safe  condition  shall  be 
provided  for  weapons  and/or  suspension  and  release 
mechanisms.  The  ARMED  state  shall  be  designed  to 
return  automatically  to  SAFE,  and  the  SAFE  state 
should  remain  unchanged  in  the  event  of  an  aircraft 
power  failure. 

4.  The  wiring  shall  be  designed  to  preclude  any  in- 
teraction between  power  and  critical  armament  cir- 
cuits. Control  power  shall  not  be  applied  to  the 
weapon  unless  it  is  turned  on  tentionally  by  the 
operator  of  the  system. 

5.  Jettisoning  of  ordnance  may  be  effected  indi- 
vidually or  in  multiples,  provided  that  the  warheads 
are  in  an  unarmed  state.  Depending  upon  the  arma- 
ment system  design,  missiles  may  be  jettisoned  either 
by  free  fall  or  by  being  fired  from  their  launchers. 

10422  Hma  F«rt*w  CwMwstlsw 

In  all  dose-proximity  control  groups,  the  in- 
dividual controls  shall  be  arranged  so  that  those 
operated  in  .sequence  ere  in  line  and  in  their  normal 
order  of  operation  progressing  from  left-to-right  or 
from  iup-iu-ooiiom.  wwm  two  or  more  switches 
mu  c activated  rima.  jnuonsly  or  in  a rapid  se- 
quent- they  should  be  located  so  that  they  can  be 
reachca  simultaneously  from  a fixed  position.  Each 
control  should  be  placed  so  that  it  does  no*  hinde-  the 
operation  of  another  control  in  the  sequence,  with 
adequate  clearance  for  a 9$th  percentile  gloved  hand. 

10-6.2.3  ladkater  Destpi 

The  following  are  weapon  system  indicator  design 
objectives: 

1 . indicators  shall  have  high  reliability. 

2.  A minimum  number  of  indicators  shall  be 
provided  in  the  crew  compartment  to  show  the  con- 
dition (armed  or  safe)  of  critical  weapon  com- 
ponents. 

3.  Indicator  systems  shall  be  current-limited  so  as 
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to  preclude  indicator  current  from  activating  ar*; 
weapon  or  suspension  and  release  component.  If  wa- 
hwd  continuity  monitoring  is  required,  the  moni- 
toring currents  shall  be  limited  to  a value  below  that 
which  will  activate  the  most  sensitive  component.  In- 
dicator circuits  that  are  integral  to  control  circuits 
can  sic.  meet  this  requirement,  and  thus,  should  be 
avoided. 

4.  Indicator  systems  shall  be  designed  so  that  in- 
dk.  - or  power  is  not  available  to  any  part  of  the 
weapon  system  unless  it  is  turned  on  intentionally  by 
the  operator. 

5.  Indicator  tests  shall  be  possible  in  flight,  in- 
dependent of  the  indicator-related  components. 

6.  The  operator  shall  be  provided  with  visual  in- 
dication of  a "hot”  trigger  condition.  This  indication 
should  be  in  the  operator's  direct  line  of  sight.  The 
moat  common  indication  is  the  use  of  an  amber  light, 
which  alerts  the  operator  to  use  caution  when  the 
weapons  tie  armed. 

7.  The  operator  shall  be  provided  with  a visual  or 
aural  missile  condition  indication  (misoile  launched 
or  being  launched)  signal. 

8.  Immediate  visual  indication  of  hangfires  or  mis- 
fires kkbi  be  provided. 

9.  Identical  visual  indications  arc  to  be  employed 
whether  live  or  training  misailes  are  aboard  the  heli- 
copter. This  will  insure  that  the  crew  acts  at  all  times 
as  though  live  missiles  were  aboard. 

10.  Arming  and  fuzing  indicators  shall  be  fully 
automatic.  Except  for  thepewer-on  function,  and  the 
press-to-test  feature  of  the  monitor  testing  function, 
no  manual  operation  should  be  required.  For  multi- 
ple carriage,  each  weapon  should  be  monitored  in- 
dividually This  may  be  accomplished  either  se- 
lectively or  continuously. 

11.  Weapon  malfunction,  if  it  occurs  during  the 
prearm  cycle,  shall  be  indicated. 

IMJ  WEAPON  SELECTION 

CONTROLLER/PROCRAMMER 

A weapon  selection  controller  and  programmer 
shall  be  required  for  helicopters  carrying  a variety  of 
ordnance.  This  unit  also  is  required  for  con- 
figurations incorporating  selective  or  automatic  in- 
terval sequence  launching  of  i.iissiiet.  and  rockets 
from  alternate  sides  of  the  helicopter. 

TV  controller  provides  the  operator  with  a choice 
of  type  and  quantity  of  ordnance.  If  necessary,  the 
controller  also  can  provide  controls  for  jissilc 
guidance  operations.  The  programmer  port  af  this 
unit  stores  basic  information  about  store  a'  dilability 
and  ammunition  depletion  status,  in  addition  to  per- 


forming weapon  selection  sequencing  Rt  the  com- 
mand of  the  controller. 

The  controller/programmcr  unit(s)  must  be 
mounted  in  a readily  accessible  area,  but  not 
t . sessarily  in  ihe  control  panr  I area.  However  in  the 
case  of  a guidance  control  system  for  missiles,  lo- 
cation in  the  panel  area  may  be  required.  The  con- 
troller/programmer function  may  be  divided  between 
any  reasonable  number  of  subunits.  The  subunits 
may  be  mounted  in  functionally  convenient 
locations,  e.g.,  one  per  store  location;  or  the  entire 
function  mav  be  handled  at  one  or  two  units  mounted 
in  a central  area  In  all  cases,  the  programmer  por- 
tions) must  be  easily  accessible  during  ordnance 
loading.  The  programmer  porrion(s)  of  the  unit(s) 
shall  provide  some  means  of  programming  into  the 
unit  the  type  of  ordnance  loaded  into  the  various 
stores  locations.  This  input  may  be  provided  by 
switches,  keypunch,  patchboard,  or  any  other 
suitable  means.  Based  upon  the  information  pro- 
vided by  the  programmer  unites),  the  controller  por- 
tion^) shall  provide  the  function  or  ordnance  selec- 
tion, firing,  and  guidance  (when  required),  and  the 
rate  of  ordnance  delivery  as  selected  by  the  operator. 

In  order  to  Simplify  wiring  requirements,  portions 
of  the  controller  which  need  not  be  accessible  during 
normal  usage  of  the  system  may  be  located  wherever 
convenient  on  the  aircraft.  The  controller  shall 
provide  an  effective  ground  of  all  electrically  fired 
ordnance.  This  ground  shall  be  lifted  only  during 
firing.  Parts  of  the  controller/programmcr  that  must 
be  accessible  on  a regular  basis  — e.g.,  rocket  on  stub 
wing  of  the  helicopter  — may  be  mounted  inside  the 
leading  edge  of  the  stub  wing.  This  would  require  box 
sizes  limited  to  approximately  3 X 4 X !0  in.  at  each 
location. 


10-7  TYPES  OF  INSTRUMENTS 

The  type  of  insUument  to  be  used  depends  upon 
the  condition  that  the  instrument  is  recording  and  the 
required  ease  of  interpretation  on  the  part  of  the 
crcwn.er.ibei  monitoring  it.  The  designer  shall  con- 
sider: the  best  type  of  display  for  the  information  to 
be  provided  (qualitative,  quantitative  rate,  trend, 
etc.);  proper  scale  design  to  cover  the  required  range, 
yet  provide  adequate  discrimination  in  critical 
ranges;  proper  alphanumeric  design  io  assure  read- 
ability under  low-level  illumination  and  in  a typical 
helicopter  vibration  environment  and  the  reliability/ 
maintainability  features  of  potential  designs.  In  addi- 
tion to  MIL-STD-1472  and  AFSC  #DH  1-3,  Refs.  I, 
2,  and  s should  be  reviewed  for  additional  in- 
formation. 
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The  two  type*  of  instrument  actuation  arc  direct 
and  remote  indicating. 

10-7.1  INSTALLATION 

MIL-I-5997  covers  the  general  requirements  for 
the  installation  of  aircraft  instruments  and  in- 
strument panels.  However  the  vibration  mounting 
specifications  are  inappropriate  for  most  helicopter 
installations  and  generally  are  waived  for  the  rigid 
mounting  described  in  par.  10-7.2. 

10-7.2  VIBRATION 

The  installation  of  instruments  requires  that 
special  attention  be  given  to  the  vibration  of  the  com- 
plete instrument  panel.  Because  each  instrument  has 
its  own  set  of  vibration  requirements  as  set  forth  in  its 
specification,  the  designer  must  review  the  ap- 
plicable procurement  specification  for  each  instru- 
ment. He  must  determine  the  maximum  frequency 
and  double  amplitude  permissible,  and  must  select  a 
set  of  instruments  that  is  compatible  in  this  regard. 

Ideally,  the  method  of  establishing  the  vibration 
and  test  criteria  for  a new  helicopter  should  be  based 
upon  * thorough  vibration  analysis  that  defines  the 
anticipated  vibration  conditions.  Reference  to  M1L- 
STD-810  will  assist  in  this  analysis. 

In  general,  and  specifically  for  new  designs,  the 
normal  procedure  is  to  make  the  instrument  panel  as 
rigid  as  possible  in  order  to  avoid  any  resonances  that 
may  be  excited  by  rotor  fundamental  frequencies. 
(This  conflicts  with  the  vibration  requirements  of 
MIL-I-5997,  which  usually  is  waived.)  Should  the  vi- 
bration characteristics  of  an  individual  instrument  be 
incompatible  with  the  environment  provided  by  the 
rigid  panel,  vibration  isolators  may  be  used  in  the 
mounting  of  the  critical  instruments 


10-7.3  ACCESSIBILITY  AND  MAINTENANCE 

All  panel-mounted  instruments  shali  be  mounted 
with  the  case  lugs  or  mounting  ring  against  the  front 
of  the  panel  so  that  the  instrument  may  be  installed 
and  removed  from  the  front.  Each  instrument  shall  be 
installed  with  enough  electrical  wiring  or  conducting 
tubing  to  permit  the  instrument  to  be  pulled  out  of 
the  panel  to  expose  its  connections.  Whore  necessary, 
suitable  means  should  be  provided  to  prevent  fouling 
or  objectional  interference  of  slack  wiring  or  tubing 
when  the  instrument  is  installed  in  the  panel.  Each 
connection  should  be  well  identified  so  as  to  pre- 
clude its  being  hooked  up  to  another  instrument  in- 
advertently. 
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1141  USX  OF  SYMBOLS 

q,  - limit  cargo  accckrsUcn,  number  of  g\  di- 
mensionless 

f * acceleration  due  to  gravity.  32.2  ft/sec* 

H m peak  acceleration,  number  of  g's,  dimen- 
sionless 

K - acceleration  ratio,  aJH,  dimensionless 

*,  “ longitudinal  acceleration,  number  of  g'a, 

tiinmjuorJcaa 

Kfa  m limit  flight  load  factor,  dimensionless 

tL  m time  for  acceleration  to  reach  limit  cargo 
acceleration,  etc 

4,  • time  to  roach  peak  acceleration,  eoc 

VL  “ velocity  xt  time  tL,  ft/ sec 

V0  m iaitial  velodiy,  ft/aec 

w » width  of  the  cargo  floor,  ft 

X « controlled  deflection,  in. 


11-1  INTRODUCTION 

Structural  considerations  for  helicopter  major 
component  deaign  were  diecuaaed  in  Chapter  I.  This 
chapter  is  concerned  with  the  detail  structural  design 
of  the  airframe  only;  i.c.,  fuselage,  tail  boom,  stabi- 
lisers, fins,  and  auxiliary  lifting  wings.  Secondary 
structure,  such  as  doors,  cowlings,  and  fairings,  is  in- 
cluded. Detail  design  of  transparent  aw*  also  is  dis- 
cussed. 

The  base  helicopter  configuration  is  chosen  and 
the  external  loads  sue  developed  during  the  pre- 
liminary design  of  the  hcliatpter.  Fundamental  air- 
frame decisions,  such  ss  whether  to  use  mor.ocoque 
or  semimouocoque  construction,  also  arc  made  du- 
ring preliminary  design.  The  task  in  detail  design  is  to 
confirm  that  the  airframe  structure  designed  in  pre- 
liminary design  meets  the  mission  performance  and 
survivability  requirements,  and  that  it  can  be  de- 
veloped and  produced  within  the  budget  cost  es- 
tablished for  it. 

The  bases  for  detail  design  are  the  helicopter  detail 
specifications,  M1L-S-8698  and  MIL-A-8860  through 
-8871.  and  the  design  criteria  defined  by  or  developed 
from  these  document*. 

The  detail  design  involves  selection  between  al- 
ternative types  of  local  structure  by  application  of 
certain  trade-off  criteria.  Material  properties,  method 
of  fabrication,  weight,  and  strength  limitations  are  all 
important  considerations  in  the  design  confirmation. 
The  determination  of  how  a particular  portion  of  the 


airframe  is  to  be  fabricated  — i.e.,  by  welding, 
forging,  steel  metal  buildup  (riveted  or  bonded),  or 
from  composite  materials  — is  the  principal  decision 
to  be  made  in  detail  design.  The  tradt-ofT  criteria  to 
be  used  during  the  investigation  of  fabrication 
techniques  include  weight,  surface  finish,  stiffness 
and  ruggedness,  fatigue  sensitivity,  cost,  and  proper- 
ties of  materials. 

112  DESIGN  CONSIDERATIONS 

11-2.1  WEIGHT 

.' 1 the  beginning  of  the  detail  design  effort,  the 
weight  group  provides  the  weight  budget  to  the 
design  group.  The  weight  budget  is  based  on  sta- 
tistical analyses  and  estimates  of  the  preliminary  de- 
sign. A state-of-the-art  design,  therefore,  normally 
would  meet  the  weight  allowance,  while  advanced 
design  techniques  and  new  material;  should  produce 
a structure  weighing  less  than  the  aiiouneni.  incor- 
poration of  new  design  techniques  in  order  to  save 
weight  must  be  considered  in  conjunction  with  the 
other  requirements  since,  for  instance,  advanced 
draigns  may  increase  the  airframe  cost.  In  any  case,  a 
strict  accounting  of  weight  with  respect  to  the  budget 
must  be  maintained  throughout  detail  design. 

11-2.2  SURFACE  SMOOTHNESS 

Surface  smoothness  is  toother  structural  quality 
that  aflocts  aircraft  performance.  Criteria  that  limit 
the  use  of  protruding  fasteners,  stipulate  1 ired  areas, 
and  dictate  external  contours  are  provided  by  the 
aerodynamic  group.  The  extent  to  which  '.ftese  cri- 
teria are  applied  depends  upon  the  impact  upon 
manufacturing  cost.  It  may  be  possible  to  trade  ofT 
the  additional  costs  of  meeting  these  criteria  through 
simplification  (therefore,  lower  costs)  of  the  structure 
itself. 

A curved  surface  often  will  be  more  costly,  but  it 
will  be  stiffer,  more  rugged,  lighter,  and  less  fatigue- 
sensitive  than  the  simpler  alternative.  Limiting  flush 
fasteners  to  the  forward  25%  of  the  airframe  aero- 
dynamic length  may  be  an  acceptable  compromise 
that  will  yield  the  required  drag  reduction. 

II-2J  STIFFNESS  AND  RUGGEDNESS 

Airframe  components  must  have  adequate  stiff- 
ness to  meet  fated  vibration  criteria.  There  must  be 
adequate  separation  between  the  natural  frequencies 
of  prime  modes  end  the  exciting  frequencies.  This 
frequency  separation  will  reduce  the  internal  stresses 
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caused  by  amplification  (a  phenomenon  experienced 
wbeu  operating  near  resonance).  Vibration  levels  at 
the  pilot  and  crew  positions  often  tre  excessive  (un- 
comfortabie  and  distracting)  ^"X  to  poor  airframe 
design;  rotor  vibration  has  been  amplified  by  struc- 
tural elements  whose  natural  frequency  is  too  close  to 
the  operating  frequencies  or  to  multiples  thereof. 

Vibration  of  structural  components  can  cause 
audible  noise  or  pilot  fatigue.  In  addition  to  crew  dis- 
comfort, vibration  can  cause  structural  fatigue  and 
possible  catastrophic  failure. 

Ruggedness  is  a quality  that  prevents  denting  or 
puncturing  of  structure  by  rotor-induced  debris, 
ground. handling,  erosion,  or  brush.  It  is  difficult  to 
prescribe  physical  characteristics  that  would  prevent 
these  types  of  damage.  Flight  testing  of  a prototype 
should  include  simulated  operational  conditions  so 
that  ruggedness  can  be  checked.  These  tests  will  show 
those  areas  that  must  be  strengthened,  resulting  in  the 
minimum  weight  increment  to  obtain  the  required 
capability. 

11-2.4  FATIGUE  SENSITIVITY 

Statically  siiOiig,  lightweight  designs  may  be  fa- 
tigue-sensitive. Attention  must  be  paid  to  the  detail 
of  the  airframe  structure  to  prevent  fatigue  sensi- 
tivity. For  example,  designers  would  like  to  eli- 
minate the  clips  attaching  the  stringers  to  frames  in 
the  fuselage,  thus  saving  both  weight  and  cost.  How- 
ever, experience  has  shown  that  skin  and  bulkhead 
flange  cracks  occur  when  the  clips  are  omitted. 

A highly  loaded  airframe  fitting  may  have  suf- 
ficient static  strength  because  a high  heal  treatment  is 
provided,  but,  as  a result,  the  material  may  be  notch- 
sensitive  and  prone  to  fatigue  failure. 

Grain  orientation  in  highly  loaded  fittings  is  im- 
portant. The  most  efficient  structural  design  is  ob- 
tained by  orienting  the  longitudinal  grain  in  the  di 
roction  of  the  primary  load.  A fitting  may  be  fatigue- 
sensitive  if  the  transverse  grain  is  oriented  in  the 
primary  load  direction. 

11-23  COST 

In  the  design  of  the  airframe,  three  cost  areas 
should  be  considered:  cost  to  develop,  cost  to  manu- 
facture, and  cost  to  operate. 

The  cost  of  development  includes  that  of  design, 
development  of  new  methods,  and  testing  required  to 
prove  the  design.  Development  testing  is  a very  im- 
portant design  tool.  A number  of  design  alternatives 
can  be  tested  under  identical  conditions  to  find  the 
best  design.  The  costs  involved  may  be  high,  par- 
ticularly where  fatigue  testing  is  involved 

Manufacturing  costs  must  be  estimated  during  the 


design  stage.  Materials,  tooling,  labor,  quality  con- 
trol, and  facility  costs  are  involved.  MaV'v-or-buy  de- 
cisions may  influence  detail  design  of  components. 
For  example,  a fairing  might  be  manufactured  in 
house  if  molded  from  Fibcrglas;  but  if  pressed  from 
aluminum,  it  might  have  to  be  developed  outside.  In 
such  an  instance,  weight,  stiffness,  etc.,  also  must  be 
considered  when  the  method  of  manufacture  is  being 
selected.  Table  1 1-1  indicates  the  coot  impact  of 
various  detail  design  alternatives. 

Each  manufacturer  can  prepare  such  a table  during 
preliminary  design  and  update  it  during  detail  design 
using  specific  cost  data.  The  table  is  a particularly 
useful  design  tool  if  it  is  stated  on  a cost-per-air- 
frame-pound  basis. 

Operating  costs  for  airframe  structures  consist  of 
repair,  maintenance,  and  replacement  parts  costs. 
The  design  objective  should  be  a maintenance-free 
life  equal  to  the  anticipated  service  life  of  the  heli- 
copter. 

11-2.6  MATERIALS 

In  preliminary  design,  material  selection  has  been 
compiled.  A most  important  detail  design  con- 
sideration is  material  verification.  A wide  variety  of 
ferrous  metals,  nonferrous  metals,  and  nonmetallic 
materials  is  available.  Characteristics  of  these  metals 
and  materials  arc  described  in  Chapter  2.  Addi- 
tionally, Table  11-2  summarizes  materials,  charac- 
teristics, and  their  uses  in  helicopter  airframe  con- 
struction. 

11-2.7  SURVIVABILITY 

The  survivability  characteristics  of  an  Army  heli- 
copter design  include: 

1.  Detectability 

2.  Vulnerability  to  enemy  ballistic  threats 

3.  Crashwor  hincss. 

Detection  methods  to  be  considered  are  radar,  in- 
frared (IR)  radiation,  acoustics,  and  visual.  In  the 
design  of  the  airframe  structure,  the  greatest  con- 
tribution to  reducing  the  detectability  can  be  made  by 
reducing  the  radar  cross-section  of  the  helicopter 
fuselage.  The  techniques  available  include  the  use  of 
radar-transparent  materials  and/or  nonreflective 
coatings.  Reflectivity  characteristics  of  the  key  as- 
pects of  the  helicopter  also  may  be  reduced,  at  least 
for  selected  radar  frequencies,  by  careful  attention  to 
the  shape  of  the  target  presented  to  the  transmitted 
beam. 

The  specific  ballistic  threats  to  which  the  helicopter 
will  be  exposed  and  the  desired  levels  of  protection 
will  be  stated  by  the  helicopter  system  specification. 
The  use  of  armor  materials  to  defeat  baliictic  threats 
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TABLE  11-1.  COST  IMPACT,  AIRFRAME  DETAIL  DESIGN 


COST  AREA 

WELDED 

RIVETED 

CAST 

FORGED 

BONDED 

DEVELOPMENT 

DESIGN 

METHODS 

TESTING 

LOW 

NONE 

NONE 

MEDIUM 

NONE 

LOW 

HIGH 

LOW 

HIGH 

HIGH 

MEDIUM 

MEDIUM 

MEDIUM 

MEDIUM 

MEDIUM 

MANUFACTURING 

MATERIAL 

TOOLING 

LABOR 

QUALITY  CONTROL 
FACILITIES 

LOW 

MEDIUM 

HIGH 

HIGH 

LOW 

LOW 

MEDIUM 

MEDIUM 

LOW 

LOW 

LOW 

MEDIUM 

** 

HIGH 

MEDIUM 

LOW 

HIGH 

*+ 

MEDIUM 

HIGH 

MEDIUM* 

HIGH 

MEDIUM 

HIGH 

HIGH 

PROOF  OF  ADEQUACY 

ANALYSIS 
GROUND  TEST 

LOW 

NONE 

MEDIUM 

HIGH 

LOW 

HIGH 

LOW 

LOW 

MEDIUM 

MEDIUM 

•IF  BORON  FILAMENTS  OR  THE  LIKE  ARE  USED,  THIS  COULD  BE  HIGH. 
"DEPENDS  ON  QUANTITY— HIGH  PRODUCTION  RATE  RESULTS  IN  LOWER  COST. 


TABLE  11-2.  MATERIAL  SELECTION  - AIRFRAME  DESIGN 


WEIGHT, 
lb  m3 

STIFFNESS 

PSI 

TENSILE 

STRENGTH 

psi 

COST, 
S lb 

AIRFRAME  USE 

FERROUS  METALS: 
Carbon  steels 

ai  i nv  ctFpi  h 

stainless  STEEL 
PH  STEELS 

maraging  steels 

APPROXIMATE  1 Y 
0.3 

JO  x 10° 

180,000 

300,000 

LOW 

MEDIUM 

MEDIUM 

HIGH 

HIGH 

FITTINGS 

firewalls 

NON-FERROUS 

METALS. 

AlUMINUW 
MAIjNESIUM 
Tl  1 AluiuM 

0.1 

0.06 

0.15 

10 x 10c 
6 x 106 

_15  MO6  J 

/ 5.000 
30.000 

LOW 

MEDIUM 

HIGH 

FITTINGS 
SHEET  ELEMENTS 
SANDWICH  FACINGS 
CASTINGS 
FORGINGS 

NON-METALLIC: 

THERMOPLASTICS 

IHERMOSETTiNG 

ELASTOMERIC 

GLASS 

0.03 

5000 

LOW 

5000 

LOW 

LOW 

LOW 

HIGH* 

TRIM 
FAIRINGS 
WEATHER  STRIP 
GLAZING 

LAMINATES 

FIBERGLAS 

GRAPHITE 

BORON 

0.% 

- — 

60-400 

WORK  PLATFORMS 

DOORS 

FAIRINGS 

COMPLETE  STRUCTURES 

'WHERE  OPTICAL  QUALITY  IS  HIGH 
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te  discussod  in  Chapter  14.  lu  the  design  of  airframe 
•Uvcture,  care  must  be  taken  to  minimize  the  possi- 
bility that  a single  hit  by  the  Mated  threat  — including 
explosive  and/or  incendiary  projectile*  when  to 
specified  — will  cause  a crash,  crash  fire,  in-flight 
Are,  or  comparably  catastrophic  result.  In  the  design 
of  structure  surrounding  fuel  tanks,  it  is  essential  that 
redundant  loads  paths  be  provided.  The  principal 
load-carrying  members  may  be  damaged  by  hy- 
draulic ram  effects  following  projectile  impact,  par- 
ticularly if  the  hit  it  by  a high  explosive  or  armor- 
piercing  incendiary  (HE1  or  API)  projectile.  Ref.  1 
provides  additional  design  guidance  for  the  re- 
duction of  vulnerability  to  ballistic  threats. 

Rcgcrdless  of  the  intensity  of  combat  or  the  se- 
verity of  the  ballistic  tlueatfs)  to  which  a hdicoptcr 
wiU  be  exposed,  the  design  must  be  crashworthy. 
Crashworthiness  design  criteria  for  Army  aircraft  are 
given  by  MIL-STD-1290.  Additional  guidance  and 
specific  design  techniques  for  meeting  the  stated  cri- 
teria arc  provided  by  Ref.  2.  Some  of  the  crash- 
worthiness considerations  applicable,  particularly  to 
the  airframe  structure,  include: 

1.  The  incorporation  of  cruahable  structure  out- 
side the  occupied  zones  to  assist  in  the  absorption  of 
impact  energy  while  maintaining  a protective  shell 

2.  The  incorporation  of  turnover  structure  ade- 
quate to  maintain  the  integrity  of  the  protective  shell 
following  impact  with  the  ground  in  either  a rolled 
(90  deg)  or  inverted  (180  deg)  attitude 

3.  The  provision  of  support  for  the  main  trans- 
mission and  rotor  mast  so  that  the  transmission  is  not 
displaced  into  the  the  protective  shell  following  either 
specified  crash  conditions  or  the  strike  of  a rigid 
object  by  the  main  rotor 

A Tfc.  inAAnMHtinn  aC  laaOs  )»»■*■  M,k.M 
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propriate,  with  restraints  adequate  to  retain  the  crew 
and  other  occupants  within  tht  protective  shell 
following  specified  crash  conditions 
3.  The  provision  of  emergency  exits  of  sufficient 
number  and  size  to  permit  the  evacuation  of  ail  oc- 
cupants in  the  minimal  time  available  regardless  of 
the  poctcrash  position  of  the  helicopter.  Crash- 
worthiness considerations  pertinent  to  the  cargo 
compartment  are  discussed  in  par.  1 1-4.2. 


11-3  DESIGN  AND  CONSTRUCTION 

During  detail  design,  overall  layouts  of  the  air- 
frame are  prepared  from  the  preliminary  design  data 
available.  Final  locations  of  the  ms'or  subsystems  tc 
be  supported  by  the  airframe  are  shown,  together 
with  directly  associated  assemblies  such  as  fins, 
stabilizers,  and  stub  wings.  Major  subsystems  are  the 
power  plant,  transmissions  and  drives,  rotors  and 
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propellers,  flight  controls,  electrical  system,  avionics, 
hydraulics  and  pneumatics,  instnunectatioo,  landing 
gear,  crew  stations  (fiunishings  and  equipment),  arm- 
ament, armor,  and  protective  devices.  Weight  and 
balance  — as  well  as  operational  and  fiinctMoal  fac- 
tors — are  to  be  considered  white  Meeting  the  sub- 
systems. The  mounting  points  of  each  subsytem  are 
arranged  so  that  the  overall  load  distribution  system 
of  tho  structure  can  accept  the  local  load  feed-in  moat 
efficiently.  Shelves,  beams,  frames,  and  bulkheads  are 
types  of  local  structures  used  to  take  the  mounting 
hard-point  or  fitting  toad*  and  to  distribute  these 
loads  into  the  basic  structure. 

Methods  of  locating  and  attaching  fittings,  sup- 
ports, frames,  bulkheads,  skin  and  longeron  systems, 
corrosion  protection,  and  electrical  bonding  are 
mqjor  design  requirements  to  be  considered  white  ac- 
commodating the  subsystems  in  the  airframe  and 
applying  the  trade-off  criteria  discuseed  in  per.  11-1. 

Fig.  1 1-1  illustrates  some  of  there  structural  com- 
ponents. 

During  airframe  detail  design,  all  areas  subject  to 
repeated  high  loads  should  be  analyzed  for  the  in- 
corporation of  fail-safe  features.  This  Assign  philo- 
sophy — to  prevent  catastrophic  failure  — requires 
provision  of  redundant  lead  paths  so  that,  if  one  path 
fails  due  to  fatigue,  the  Mad  is  carried  by  the  re- 
maining structure  until  the  next  inspection  uncovers 
the  failure. 
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Figure  11-1.  Airframe  Components 
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110.1  FITTINGS 

Fittings  provide  the  structural  transition  between 
two  different  type*  of  structure,  and  also  serve  as  a 
convenient  point  for  disassembly.  They  may  be 
deHfned  as  wekfod,  cast,  machined,  or  forged  sub- 
structures. Appropriate  safety  factors  must  be  used 
when  calculating  fitting  strength.  For  example, 
castings  require  analytical  safety  factors  ranging  from 
1.33  to  2.Q,  depending  upon  the  quality  control  stan- 
dards to  be  applied.  Safety  factors  are  governed  by 
the  casting  classifications  in  M If. -C -6021.  The  deci- 
sion as  to  type  of  fitting  depends  upon  weight, 
production  quantity  (or  cost),  and  the  nature  of  the 
loads  to  be  transmitted.  Castings  generally  have  low 
•tafatioa  characteristics,  and,  therefore,  have  poor 
fatigue  characteristics. 

Meticulous  caiv  should  be  given  to  keeping  the 
local  eccentricities  in  the  fittings  to  a minimum.  All 
changes  in  cross  section  should  be  made  as  gradual  as 
possible  by  using  generous  fillet  radii.  Abrupt 
changes  in  cron  section  cause  strew  concentrations, 
and,  therefore,  must  be  avoided. 

Lug  analysis  require  special  consideration.  Refs.  3 
and  4 contain  discussions  of  this  subject. 

\ The  use  of  a '/uriety  of  fasteners,  such  as  both  rivet* 

/ and  bolts,  for  a single  fitting  attachment  should  be 

avoided.  Rivets  fill  the  holes  and.  therefore,  pick  up 
load  before  bolts  do.  It  is  important  to  preload  bolts 
so  that  damping  oi  the  faring  surfaces  is  ac- 
complished and  bending  of  the  components  is  mini- 
mized. 

11-3J  SUPPORTS 

Shelves,  beams,  and  brackets  that  support  equip- 
ment and  subsystem  parti  generally  are  constructed 
by  assembly  of  sheet-metal  components.  The  support 
must  be  strong  enough  to  take  the  design  load  — the 
weight  of  the  item  supported  times  the  design  load 
factor  — plus  the  applicable  mechanical  reaction 
forces  and  the  vibratory  loads.  The  loads  being  dis- 
tributed into  the  primary  structure  from  the  support 
should  not  induce  secondary  stresses,  which  can 
cause  the  primary  structure  to  fail.  Secondary  loads 
are  caused  by  the  diflection  of  the  support. 

Beams  having  an  open  section  should  be  in- 
vestigated for  shear  center  location.  When  a beam  is 
loaded  off  its  shear  center,  twisting  will  occur,  as  in- 
dicated in  Fig.  II  -2(A).  Secondary  loading  and  lower 
subsystem  natural  frequency  generally  result. 

Brackets  should  be  designed  so  that  the  load  feed- 
, in  or  feed-out  is  parallel  to  a sheet-metal  face.  If  the 
i load  is  perpendicular,  local  bending  will  occur  and 
C subeeruent  cracking  will  result.  Radii  should  not  be 
' counted  upon  to  carry  load.  Softness  in  the  support 


will  be  evident,  and,  again,  cracking  will  occur  niter  a 
period  of  service.  Figs.  1 1-2(B)  and  (C)  show  correct 
and  incorrect  design  concepts  for  bracket  attach- 
ments. 

11-3.3  FRAMES 

Frames  are  used  to  reduce  skin  panel  size  and 
stringer  column  length,  to  maintain  aircraft  contov, 
to  transfer  various  local  loads  to  the  outer  skin  as 
shear  loads.  Fig.  11-3  shows  an  example  of  a frame 
reacting  shear  flow  from  a tank  liner.  The  weight  of 
the  tank  and  the  fuel  result  in  a bending  load  on  the 
luter,  and  the  resultant  shear  flow  in  the  liner  is  op- 
posite in  direction  to  that  shown  acting  on  the  frame. 

The  frame  flanges  that  support  the  skin  must  be 
sufficiently  thick  to  prevent  tension  field  wrinkles 
from  propagating  when  the  pends  are  not  shear- 
resistant.  The  moments  of  inertia  of  the  cross  sections 
of  the  frames  must  be  adequate  to  restrain  the 
stringers  against  column  failure.  Junctions  between 
frames,  skin,  and  stringers  must  be  clipped. 

INCORRECT  CORRECT 
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1W>  BULKHEADS 

Bulkheads  function  much  the  same  as  frames,  but 
have  added  capability  and  utility.  Generally,  mayor 
loads  — such  as  landing  loads  — are  introduced  at 
bulkheads  and  arc  redistributed  within  their  own 
plane.  Out  of-plane  restraints,  such  as  fore  or  aft  fuel 
tank  loads,  also  may  be  provided. 

Stiffeners  in  the  plane  of  the  bulkhead  distribute 
fitting  loads  into  the  web.  The  stiffeners  must  have 
suflident  inertia  to  stiffen  the  web  against  catas- 
trophic buckling.  The  webs  of  all  bulkheads  should 
be  designed  to  prevent  oil-canning.  Bulkhead  flanges 
must  be  stiff  enough  to  resist  column  buckiing,  if  so 
loadod.  as  well  as  to  provide  skin  restraint.  Loads 
from  fittings  should  be  sheared  into  the  bulkhead 
with  as  little  eccentricity  as  possible. 

Edge  distance!  of  fasteners  should  not  be  less  than 
two  times  the  fastener  diameter  wherever  possible. 
Low-strength  blind  fasteners  should  be  avoided.  Cut- 
outs should  be  reinforced,  while  attachments  to  an 
unsupported  web  should  not  be  made  because  vi- 
bration may  cause  cracking. 

The  strength  required  for  major  bulkheads  usually 
is  attained  by  employing  forgings.  Final  dimensions 
are  obtained  by  machining. 

11-3.5  SKIN  SUBSYSTEMS 

Skin  subsystems  are  defined  as  structural  coverings 
composed  of  longerons,  stringers,  and  skin.  If  sand- 
wich construction  is  used  in  a monocoquc  configu- 


ration, Mime  of  ihese  dements  are  not  used. 

Longerons  arc  the  primary  axial-load-carrying 
members,  and  arc  situated  at  optimal  distances  from 
the  bending  neutral  axea  of  the  airframe.  They  are  de- 
signed to  withstand  column  loads  and  the  secondary 
effects  of  skin  tension  field.  It  usually  is  necessary  to 
locate  intermediate  stringers  between  longerons  to 
control  skin  pand  size. 

Bending  material  (stringers)  should  be  distributed 
among  a large  number  of  dements  in  order  to  limit 
the  reduction  of  static  strength  following  damage  to 
ont  member.  Again,  oil-canning  should  be  pre- 
vented by  proper  pand  sizing.  Fig.  11-4  presents 
suggested  panel  dimensions. 

Stringer  and  longeron  splices  should  be  scarfed  and 
multiple  attachments  provided.  The  fasteners  should 
be  loaded  in  shear.  Fastener  types  should  not  be 
mixed  in  a splice. 

Doublers  should  be  provided  around  excess  holes 
through  the  skin.  Because  repeated  removal  enlarges 
the  fastener  holes,  access  hole  covers  should  not  be 
designed  to  be  load-carrying.  Minimizing  the  number 
of  cover  fasteners  makes  servicing  faster  and,  hence, 
more  economical. 

11-3.6  CORROSION  PROTECTION 

Protection  of  parts  against  corrosion  can  be  ac- 
complished in  two  ways.  Ore  method  is  to  apply 
coatings  to  prevent  corrosive  atmospheres  from  coat- 
ing in  contact  with  airframe  parts.  The  other  is  to  in- 
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THE  USE  OF  THIS  FIGURE  IS  SUGGESTED 
IN  OBTAINING  SKIN  -PANEL  SIZE 
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WIDTH  FOR  USE  IN  DETERMINING  THICKNESS  FROM  CHART. 

Flgwr*  11-4.  AhialaMi  Alley  Pnoct  Six** 


dace  an  oxide  coating  that  prevent*  further  oxi- 
dation. 

Many  coatings  can  be  applied,  ranging  from  zinc 
chromate  primer  for  interns!  surfaces  to  epoxy 
paints.  Par.  2-6  provides  detailed  information  about 
paints  and  finishes,  as  well  as  about  special  processes, 
such  as  anodizing  for  inducing  oxidation  on  alumi- 
num parts. 

Treatments  such  as  anodizing  on  aluminum,  and 
cadmium-  and  nickel-plating  on  steel,  have  de- 
leterious effects  upon  the  fatigue  strength  of  the 
metal.  Parts  that  have  been  so  treated  and  arc  sub- 
ject to  alternating  loadings  should  be  fatigue-tested. 

11-3.7  ELECTRICAL  BONDING 

In  order  to  provide  a continuous  ground  through- 
out the  airframe  structure  so  that  remote  electrical 
components  may  be  grounded  adequately,  non- 
conducting structures  must  have  a conductance  bond 
built  in. 

Par.  7-6  includes  detailed  bonding  requirements 


necessary  to  produce  electrical  and  electronic  system 
installations  h&ving  acceptably  low  levels  of  electro- 
magnetic interference  (EMI). 

IM  CARGO  COMPARTMENT 

Cargo  compartments  pose  special  design  require- 
ments in  that  cargo  floor  and  tiedown  fittings  must  be 
designed  to  accept  static  and  crash  loads. 

IM.I  STATIC  LOADS 

Static  limit  flight  loads  ihall  be  used  as  ti  c basis  for 
design  of  all  structure  and  fittings  within  the  cargo 
compartment.  The  primary  areas  of  concern  are  the 
cargo  floor  and  the  tiedown  fitrings. 

For  helicopters  having  cargo  transport  as  a pri- 
mary nrssion,  the  basic  cargo  floor  should  be  design- 
ed for  a limit-flight-load  floor  pressure  of 
psf , where  nUmt  is  the  maximum  flight  limit  load  fac- 
tor. For  light  utility  helicopters,  which  are  not  pri- 
marily cargo  transporta,  the  !imit-fl;ght-!oad  door 
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pressure  cu  bo  reduced  to  l(Xk  p*/  over  tCut  por- 
tion of  the  floor  that  can  ba  used  for  cargo.  Baggage 
compartment  floor*  should  ba  designed  for  a limit- 
load pressure  of  100*,  psf . 

Cargo  transport  helicopters  having  tha  capacity  for 
vehicular  loads  must  ba  dsdgnad  for  tbs  oeacen- 
trated  loads  applied  by  tbs  vabicfo  winds.  Tbsaa 
wheal  loads  should  ba  atsumad  to  ba  arfing  at  any 
point  within  tha  t readway  areas  shewn  in  Fig.  11-5. 
The  dimensions  shown  on  the  drawing  describe  tha 
suggested  minimum  trendway  area. 

The  portions  of  the  treadway  that  are  used  only  for 
ground  operations  (loading  and  unloading)  should  be 
designed  using  a limit-load  factor  cf  1.0  applied  to 
the  miximum  wheel  load.  The  arms  of  the  trendway 
upon  vbich  the  vehicle  reds  in  flight  must  be  do- 
cigned  to  carry  the  maximum  whed  load  multiplied 
by  the  maximum  flight  limit  load  factor  n*. 

Maximum  whed  load  should  be  equal  to  1/3  of  the 
maximum  anticipated  vehicle  weight.  This  assumes  a 
laterally  symmetrical  vehicle  with  2/3  of  the  weight 
carried  by  one  axle.  The  maximum  whed  load,  multi- 
plied by  the  appropriate  limit-load  factors,  will  be 
applied  tc  the  tresdway  arses  through  pneumatic 
tires  inflated  to  a maximum  pressure  of  100  psi.  This 
local  pressure  of  100  psi  can  be  assumed  tc  remain 
constant  with  the  application  of  helicopter  flight 
limit-load  factors,  because  the  action  of  the  pneu- 
matic tire  under  moderately  increased  load  is  simply 
to  enlarge  the  whed  contact  area  in  proportion  to  the 


load  under  constant  pressure.  Solid  rubber  time  or 
mete)  wheels  do  not  offer  this  flexibility;  according 
ly,  concentre  ted  pressure  londa  applied  to  the  Boor  by 
these  wheels  must  be  assumed  to  inersans  in  pro- 
portion to  tha  flight  load  factor,  reifni  oanna  of 
flooring  under  solid-whsd  loading  should  be  de- 
termined experimentally,  with  pertinent  operation^ 
limitations  specified.  In  moat  contemporary  beb- 
coptere,  the  use  of  shoring  planks  is  nrrmsr sorted  to 
protect  the  floor  from  solid-whed  <»«— g« 

MfL-A-8865  specifies  wear  test  requinmsaat*  for 
newly  designed  flooring.  Nontreadway  areas  also 
should  have  the  capability  of  carrying  limited  con- 
centrated loads  in  excess  of  300sittj|  psf.  A load 
strength  of  1000*,,^  psf  typically  is  used  in  tha 
design  of  cargo  aircraft.  The  extent  of  the  IOOCUk  . 
psf  *rea  of  application  is  limited  by  weight  and  bal- 
ance considerations  and  running-load  limits,  which 
interact. 

The  running-load  limit  should  be  established  oy 
the  greater  of  the  following:  twice  the  maximum 
wheel  load  (i.c.,  the  axle  load),  or  300*  w lb/.inear  ft, 
where  w is  the  width  of  the  cargo  floor  ir.  feet.  The 
running-lead  limit  is  t he  maximum  load  that  cas  be 
applied  to  any  single  foot  of  floor  length. 

Floor  tiedown  fittings  should  be  available  in  suf- 
ficient quantity  and  capacity  to  restrain  the  maxi- 
mum design  cargo  weight  under  the  ultimate  crash 
loads. 

The  cargo  tiedown  restraint  factors  must  be  de- 
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TREADWAY  ( CONCENTRATED  LOAD  (nIlim/3)„  (MAX  VEHICLE  WEIGHT) 


Figure  11-5.  Minimum  Fleer  Strength  Requirements 
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tetgsiaed  apd  specified  in  tbs  helicopter  saugo  too&m 
technical  maaual.  Cargo  tiedown  restraint  fteton  ar* 
dieouaMd  fa  M1L-A4M5. 


withstand  tbs  9«iM  load  heton  it  Ju  n> 
mmatibtthy  of  the  uwf.  The  itealgner'i  rwpoodbftty 
is  to  orovsd*  tiedown  fittings  that  will  carry  their 
rated  load  without  Mure.  Tbs  Installed  fitting 
sboald  twivoi  sad  rotate  through  • hemisphere 
bounded  by  tbs  Doer.  Tbs  rated  load  sboald  ba  coo- 
ildssad  as  tba  ultimate  load  for  tbs  purpose  of  da- 
ilgolng  Um  fitting  sod  its  supporting  structure.  For 
laif»bsboopten,itiaiuooaiBMndad  that  tbs  standard 
floor  tiedown  fitting  ba  rated  at  5000  lb  ultimate 
strength.  Tbs  roar  of  fittings  nearest  tbs  edge  of  tbs 
floor  should  ba  rated  at  10,000  lb  each-  This  facili- 
tea  tba  notraiat  of  vehicular  loads  with  a minimum 
of  tiedowns, 

11-0  (SASH  LOAM 

It  baa  bean  found  that  cargo  compartment  longi- 
tudlnai  aocekretioa*  can  exceed  27  g during  a sur* 
vivabla  crash  landing.  Fig.  11 A A)  shows  a typical 
arraeraiinn-ume  aaory  nwuMirau  at  fiowt  kr«l 
during  tbs  test  crash  of  aa  instrumented  helicopter 
(Ref.  2). 

Considerable  experimental  work  in  this  area  has 
shown  that  the  typical  mqjor  impact  accelerations 
can  be  represented  fos  engineering  purposes  by  s *im- 
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pie  triangular  pulse.  Such  curves  have  been  de- 
veloped for  tba  50tb-,  IOth>,  90tb*,  aad  95th-per- 
oaattta  Mirshmbte  baboo pter  aoddsat,  aad  an  shown 
in  Fig.  11-4(1).  It  can  be  saw  that,  ia  order  to 
ruathdn  cargo  rigidF  to  the  bsfloopter  floor  through- 
out a 9<tb-pareentile  hsHoopter  crash,  it  would  be 
necessary  to  employ  aavaa  times  tbs  number  of  tie- 
downs required  for  tba  mean  (50th  percentile)  crash. 
This  beooaaoe  prohibitive  in  tanas  of  weight  and  com* 
plaaity. 

Recent  efforts  in  tba  development  of  lond-hmitiag 
cargo  tiedowns  have  shown  these  davteaa  to  be  a»  ef- 
fective solution  to  tba  crab-toed  restraint  problem 
(Ref.  3).  Load-limiting  tiedowns  are  energy-absorb- 
ing devices  that  link  cargo  to  tbs  existing  hdiooptar 
floor  tiedowns.  They  are  designed  to  resist  an  in- 
creasing tension  load  rigidly  until,  at  a pre- 
determined force,  they  yield  end  deflect  over  some 
distance  while  maintaining  a constant  resistance. 
When  connected  in  sartos  with  the  cargo  tiedown 
chains,  such  devices  act  to  attenuate  the  sc- 
oatoratioas  transmitted  from  tba  helicopter  floor  to 
die  cargo,  as  shown  in  Fig.  I l-7(A). 

Fig-  * I~«{S)  ihu"»  muuiy-uinC  CUTVCS  vf  tui 


cargo  and  the  airframe  as  they  act  separately  during 
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the  crab  event.  These  curvet  an  derived  by  inte- 
gration oi  ths  respective  accek ration  curves  in  Fig. 
11 -7(A).  Because  it  is  under  a lesser  acceleration,  the 
cargo  must  move  slightly  farther  than  the  fuselage 
during  the  period  of  the  acceleration  pulse.  This  ad- 
ditional distance  is  the  distance  through  which  the 
toad-limiter  must  deflect,  and  is  determined  by  inte- 
grating the  two  velocity-time  curves  (cargo  and  air- 
frame) to  find  the  distance  each' travels  during  the 
event,  and  .hen  finding  the  difference  between  the 
distances.  Eq.  1 1-1  can  be  used  by  the  designer  to  de- 
termine load-limiter  stroke  required,  assuming  a tri- 
angular acceleration  input  pulse: 

stroke-#/*^  ("fj  + y + j*- 
where 

H -pulse  peak  acceleration,  number  of  g’s,  di- 
mensionless 

# - acceleration  due  to  gravity,  32 .2  ft/sec1 

K - acceleration  ratio  qJ H.  dimensionless 
aL  - limit  cargo  acceleration,  number  of  g's,  di- 
mensionless 

4,  - time  to  reach  peak  duration,  sec 


This  equation  is  derived  from  Ref.  5. 

The  load-limiting  cargo  restraint  concept  hits  bean 
developed  to  the  prototype  stage.  Cost  and  weight 
permitting,  it  is  recommMded  that  consideration  b# 
given  to  incorporating  such  devioes  into  the  basic 
design  of  new  helicopters.  Such  load-limiting  re- 
straint fittings  would  provide  a maximum  degree  of 
crashworthinem.  Details  of  load-limiter  design  and 
application  are  available  in  Raf.  6. 

When  specifying  load-limiim,  the  cwiigscr  must 
make  a trade-off  between  rated  strength  and  load- 
limiter  stroke.  Fig.  11-8  shows  the  various  ways  of 
achieving  adequate  restraint  of  Class  A cargo  in  n 
90th-perccniile  crash,  using  load-limiters  having 
different  energy  absorption  characteristics 
It  can  be  seen  by  referring  to  the  sample  curves  that 
an  additional  restriction  on  the  performance  of  the 
load-limiter  it  that  the  load-deflection  curve  must 
avoid  the  shaded  area  below  the  base  curve.  This  bate 
curve  indicates  the  load  below  which  the  load-limiter 
must  act  as  a rigid  link  in  the  tiedown  chain.  This 
load  should  define  the  rated  yield  strength  of  the 
limiter.  An  optimum  load-limiter,  from  the  stand- 
point of  weight  and  number  required,  would  be  one 


10  15  20 

CONTROLLED  DEFLECTION  X.  in. 


Figure  11-8.  Class  A Cargo  Forward  Load-deflection  Envelope 
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with  a load-deflection  curve  conforming  u closely  u 
possible  to  the  base  curve.  The  long  stroke  or  such  a 
limiter,  however,  could  allow  the  cargo  to  move  an 
excessive  distance  within  the  compartment. 

It  is  recommended  in  Ref.  5 that  Class  B cargo 
(vehicles,  etc.)  be  restrained  to  withsUnu  the  80th- 
pctcentiie  crash  pulse  of  13  g,  rather  than  the  90th- 
paroentile  pulse  that  defines  the  restraint  criteria  for 
Class  A cargo.  The  rationale  is  that  personnel  rarely 
are  carried  in  the  cargo  compartment  with  Class  B 
cargo,  and,  there'dre,  that  only  the  relatively  remote 
flight  crew  need  be  protected  from  shifting  Class  B 
cargo.  Fig.  11-9  shows  the  load-deflection  re- 
quirements pertaining  to  toad-limiters  restraining 
Class  B cargo. 

1M  TRANSPARENT  AREAS 

The  design  requirements  shdl  be  as  established  by 
the  helicopter  system  specification  Two  categories  of 
transparent  areas  are  apparent.  One  category  is 
represented  by  a windshield  that  must  withstand 
direct  airstream  loads,  possibly  including  impact  by 
birds.  The  other  category  is  represented  by  an  ob- 
servation window  located  or.  the  side,  roof,  or  floor 
of  the  crew  or  passenger  compartment.  Such  a win- 
dow is  subject  tc  indirect  pressure  loading,  positive  or 
negative. 


The  characteristics  of  available  glazing  materials 
are  reviewed  in  par.  2-3.5.  Additional  information  on 
the  properties  of  the  materials  sre  available  in  Part  II. 
M1L-HDBK.-17. 

The  optical  quality  of  the  windshield  must  be 
maintained  under  all  conditions  of  loading.  To  keep 
optical  distortion  to  a minimum,  flat  panels  should 
be  used  to  the  maximum  extent  practicable.  In  any 
case,  consideration  must  be  given  to  the  deflection  of 
the  windshield  under  load  and  to  the  effect  of  these 
deflections  upon  the  optical  characteristics.  The 
loadings  that  result  from  thermal  gradients  across  the 
windshield  must  be  considered  separately  as  well  as  in 
com  jination  with  pressure  loadings  in  order  to  de- 
termine the  critical  loading  condition.  The  effect  of 
an  antireflective  coating  used  to  reduce  the  glint  from 
the  windshield  and  canopy  must  be  included  in  deter- 
mining the  thermal  loading. 

Installation  of  glazing  materials  is  described  in  par. 
2-3.5.  Part  II,  MIL-HDBK-17  also  con'ains  a tho- 
rough discussion  ol  the  design  of  the  “edge  at- 
tachments”, or  meant  of  fastening  a glazing  material 
to  an  airframe.  With  regard  to  the  structure,  it  is 
recommended  that  ope.-ings  for  tianspare'.t  areas  be 
self-supporting,  i.e.,  not  dependent  on  any  structural 
support  from  the  window.  This  is  particularly  im- 
portant for  window  openings  within  doors.  The  dc- 


Flprt  1 1-9.  Class  B Cargo  Forward  Load-deflection  Envelope 
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flections  of  the  opening  should  not  be  large  enough  to 
cause  failure  of  the  glaze-supporting  syste.n. 

Thicknv^s  of  the  glazr  — determined  by  analysis  or 
test  — should  be  adequate  to  support  the  pressure 
and  impact  loadings.  In  addition,  the  glaze  material 
must  satisfy  any  ballistic- resistance  requirements 
contained  in  the  system  specification. 

11-6  DEVELOPMENT 

The  iterative  process  of  design,  build,  test,  and  re- 
dcJgw  is  called  development.  Several  different  ver- 
sions of  the  same  airframe  component  may  be  de- 
signed, built,  and  tested  to  determine  trade-off  para- 
meters such  aa  weight,  strength,  and  cost.  With  these 
data  available,  a decision  can  be  made  as  to  which 
structure  best  fits  the  requirements. 

Development,  including  testing  of  alternative 
manufacturing  methods,  is  a costly  process.  It  should 
be  used  only  for  redundant  structures,  where  analysis 
is  either  more  costly  or  is  impossible  to  accomplish 
within  the  allotcd  schedule,  or  for  new  construction 
techniques  in  which  experimental  manufacture  is  re- 
quired to  prove  feasibility  and  to  determine  costs. 

For  purposes  of  this  discussion,  development  does 
net  include  the  testing  of  oarts  to  determine,  points  of 
local  failure  and  the  changes  necessary  to  obtain  ade- 
quate strength.  This  testing,  rework,  and  retesting  is 
considered  a part  of  the  demonstration  of  structural 
adequacy  and  is  discussed  in  par.  1 1-8. 

11-7  MANUFACTURE 

The  designer  has  the  responsibility  to  provide  an 
airframe  requiring  as  low  a manufacturing  cost  as  is 
possible.  Generally,  the  most  easily  manufactured 
uirframe  alto  is  the  least  costly  one.  A reasonable 
number  of  subassemblies  should  be  planned  to  allow 
ease  of  manufacture. 

Accessibility  to  all  areas  of  the  structure  usually  re- 
sults in  lower  cost,  because  more  workers  can  be  ap- 
plied during  a given  period  of  construction. 

The  structure  should  be  designed  to  permit  use  of 
automated  machines  (e.g.,  riveters)  and  numerically 
controlled  machine  tools  during  manufacture  in 
order  to  minimize  production  costs. 

In  Chapter  4,  AM  CP  706-201,  the  consideration 
for  practical  production  tolerances  is  discussed.  The 
preliminary  design  will  have  considered  the 
iolers~.ee!,  that  can  be  achieved  during  manufacture 
and  will  have  been  the  basis  for  design  selection.  The 
example  used  in  Chapter  4,  AMCP  706-201,  is  the 
preliminary  design  ot  the  doors  and  hatenes. 

During  detail  design  the  exact  production 
tolerances  required  mast  be  established.  The 


tolerances  chosen  will  be  the  result  of  many  con- 
siderations. These  include: 

1.  Number  of  units.  The  total  number  of  heli- 
copters to  be  produced  influences  the  type  and  ex- 
tent of  the  tooling  that  can  be  used.  A large  pro- 
duction run  will  permit  intricate  tooling  with  cu  ts 
that  can  be  spread  over  many  units. 

2.  Fabrication  method.  The  way  the  helicopter  will 
be  fabricated  on  the  production  line  influences  the 
tolerances.  If  the  helicopter  is  fabricated  from  many 
components  that  have  been  subcontracted  to  many 
different  vendors,  there  is  a need  for  closer  tolerances 
than  if  the  helicopter  is  entirely  fabricated  on  one 
production  line. 

3.  Assembly  method.  There  are  various  methods 
of  assembly  that  have  different  tolerance  re- 
quirements. Close  tolerances  will  peimit  complete  in- 
terchangeability of  parts  without  additional  work. 
Selective  assembly  will  permit  less  strict  tolerances.  A 
large  production  run  v,iU  make  parts  available  for  se- 
lective matching  with  adjacent  part:.  If  assembly 
methods  and  production  time  is  available,  the  taw  to 
suit,  file  to  fit,  approach  may  be  the  best. 

4.  Performance.  The  need  for  flushness  and  gap 
tolersr.ee:  to  mccr  pcuuiinouCc  .cquiteiuciiU  will  be 
an  influence  on  production  tolerances. 

$.  Interchangeability  and  replaocability.  The  ex- 
tent that  parts  »«d  components  should  be  inter- 
changeable and  how  they  should  be  replaceable  have 
a direct  influence  on  production  tolerances.  Re- 
placrr.erU  requirements  at  the  lower  maintenance 
echelons  will  require  tole>anoes  that  will  permit  re- 
placement with  a minimum  amount  cf  match  fitting. 

6.  Cost.  Cost  production  tolerances  where  they  arc 
not  required  result  in  added  expense.  Loose 
tolerances  that  present  assembly  problems  also  may 
result  in  added  expense. 

Careful  consideration  must  be  given  to  production 
tolerances.  The  final  tolerances  used  will  be  the  result 
of  coordination  between  the  procuring  activity, 
engineering,  manufacturing,  and  purchasing. 

See  Chapter  II,  AMCP  706-201,  for  preliminary 
design  treatment  of  acces|ibility/intcrch«nge- 
abilily/replaceability. 

11-8  SUBSTANTIATION 

In  addition  to  design,  development,  and  manu- 
facture of  an  airframe,  it  is  necessary  to  demonstrate 
that  the  structural  subsystem  meets  the  design 
requirement.  Two  methods  are  used  to  demonstrate 
the  structural  adequacy  of  the  airframe:  analysis  and 
testing.  Generally,  it  is  acceptable  to  use  cne  or  the 
other  method  to  prove  that  strength  and  de- 
formation, utility,  dynamics,  and  weight  and  CG  are 
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within  the  required  limits,  In  special  cases  — c.g„ 
structures  that  are  redundant  or  subject  to  fatigue  — 
it  may  be  necessary  to  employ  both  methods. 

1 1-4.1  ANALYSIS 

As  the  development  progresses,  substantiating  data 
are  prepared  in  accoidance  with  the  contract  data  re- 
quirements list  (CDRL).  Specific  data  requirements 
are  coordinated  with  the  Airworthiness  Quali- 
fication Specification  (AQS)  prepared  and  approved 
for  an  individual  helicopter  program.  The  possible 
scope  of  these  requirements  is  discussed  in  Chapter  4 
of  AMCP  706-203.  Chapter  9,  AMCP  706-203,  pre- 
sents a comprehensive  discussion  of  the  final  quali- 
fication of  the  airframe.  The  analysis  and  testing  per- 
formed during  the  design  phase  are  distuned  in  this 
paragraph 

At  the  start  of  the  detail  design  effort,  design  para- 
meters established  during  the  preliminary  design  ere 
confirmed  or  amended.  The  bads  applicable  to  ail 
airframe  components  unde;  design  night  and  ground 
loading  conditions  must  be  established  and  ’he 
critical  design  conditions  determined.  lr.  Chapter  4, 
AMCP  706-20 i,  the  desiy.i  loading  conditions  arc 
described  and  procedures  for  tU  determination  oi'  h:  • 
temal  load  distributions  are  discussed.  Vic  o ' a com- 
prehensive computer  program  such  as  NASTXAN 
(Ref.  7)  is  recoma  ended. 

Following  determination  of  the  loadings  that  arc 
critical  for  individual  parts,  in  many  cases  structural 
adequacy  can  be  substantiated  by  stress  analysis 
alone.  Examples  are  parts  thsi  involve  either  a angle 
load  path  or  simple  redundancy,  for  which  therefore 
the  stress  and  analysis  it  bovh  simple  and  accurate 
Other  parts  for  which  analysis  alone  is  adequate  are 
simple  fittings  for  which  dynamic  (fatigue)  loadings 
are  not  significant,  and  secondary  structure  and  com- 
ponents that  are  classified  as  nonstructural.  How- 
ever,  because  the  airframe  structure  generally  in- 
cludes multiple  load  paths  for  which  even  the  most 
sophisticated  stress  analysis  methods  often  provide 
unreliable  results,  substantiation  is  based  largely 
upon  the  results  of  structural  tests. 

11412  TESTING 

Portions  of  the  structure  will  be  tested  after  brief 
preliminary  analysis.  These  include  fatigue-loaded 
primary  structure,  redundant  structures,  components 
manufactured  using  new  processes  or  materials,  and 
castirgs  with  low  safety  factors. 

Other  potions  of  the  structure  will  require  de- 
tailed analysis  and  backup  testing.  Where  expensive 
proce  sses  and/oi  large,  costly  structures  arc  in- 
volved, extensive  analysis  is  necessary  in  order  to  pro- 


duce an  optimum  design  that  will  be  proven  ade- 
quate by  test. 

When  both  analysis  and  testing  are  used,  signifi- 
cant savings  in  weight  can  be  obtained  with  designs 
for  whick  the  analysis  indicates  a small  negative  or 
zero  margin.  During  testing,  the  areas  in  which 
failures  occur  can  be  strengthened.  Some  of  these 
areas  will  have  sufficient  strength  as  it.  In  this  way, 
the  minimum  weight  can  ‘cc  achieved. 

Some  portions  of  the  airframe  are  designed  with 
multiple  load  paths.  In  the  event  that  one  path  fails, 
the  others  will  continue  to  carry  expected  Rads.  It 
w*tl  be  necessary  to  test  these  areas  with  selected  load 
paths  failed,  and  with  the  applicable  fatigue  spectrum 
applied,  to  demonstrate  that  the  structure  will  con- 
tinue to  support  all  loads  ur.ti1  the  next  mandatory  in- 
spection. It  also  is  necessary  that  inspection  of  these 
areas  be  possible,  and  particularly  that  portions  of 
structure  that  are  designed  as  fail-safe  not  be  ob- 
scured. Chapters  7,  8,  and  9,  AMCP  706-203,  des- 
cribe component  tost*,  surveys,  and  demonstrations 
that  are  applicable. 

Fatigue  testing  may  be  generalised  in  that  only 
bay.*:,  data  (such  as  S-N)  are  collected.  Statistical 
analyses  that  consider  operating  load  frequency  will 
insure  adequate  structural  reliability.  The  number  of 
tests  conducted  will  determine  the  confidence  level 
for  the  design.  Fatigue  life  determination  is  dis- 
cussed in  detail  in  Chapter  4.  AMCP  706-201 , and  the 
required  tests  are  outlined  in  Chapters  7 and  8, 
AMCP  706-201. 

After  the  helicopter  prototype  is  manufactured, 
flight  vest  loads  will  be  gathered  as  basic  data  to  be 
used  for  structural  qualification  analysis  and  testing. 
It  may  be  necessary  to  redesign  locally  before  quali- 
fication if  the  flight  loads  are  in  excess  of  those  pre- 
dicted by  analysis. 
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124  UST  OF  SYMBOLS 

At  "tire  contact  area,  in.1 

D m outside  diameter,  in. 

W - tire  width,  in. 

1M  GEAR  TYPES 

Conventional  helicopter  landing  gear  configura- 
tions include  wheel,  skid,  and  float.  Normally,  the 
desired  configuration  will  have  been  selected  during 
preliminary  design.  The  detail  designer's  objective  is 
to  verify  a type,  or  combination  of  types,  that  pro- 
vide the  best  performance  for  the  least  weight,  cost, 
and  maintenance.  The  system  snecification  and  mis- 
sion requirements  will  influence  the  selection  by 
specifying  the  following. 

1.  The  environmental  and  operational  landing 
conditions,  which  will  indicate  the  roughness  of 
sptfstiaj  terrain  and  the  requirements  for  snow  or 
water  landing  capability 

2.  Descent  velocities,  allowable  load  factors,  and 
ground  clearance,  which  together  with  weight  and 
CG  location,  will  dictate  gear  location,  size,  and  axle 
vertical  travel 

.1.  Performance,  which  may  require  low-drag  or  re- 
tractable landing  gear,  thus  requiring  a compact  gear 
configuration 

4.  Overload  conditions  and  growth  factors,  which 
wo'dd  require  a gear  with  increased  capacity. 

As  a ruk,  the  skid  geer  is  lighter  in  weight,  is  less 
expensive  to  manufacture  and  replace,  and  requires 
Iras  maintenance  than  other  types.  One  disadvantage 
of  the  skid  gear  is  the  necessity  for  special  ground- 
handling  wheels  or  dollies  for  moving  the  inoperative 
helicopter.  In  addition,  a method  of  raising  the  heli- 
copter to  permit  installation  of  these  wheels  must  be 
provided.  Soane  v ducks  carry  this  equipment  along 
and  thereby  suffer  the  additional  weight  and  drag 
penalties. 

The  wheel  gear  provides  the  capability  and  direc- 
tional control  necessary  to  maneuver  the  hdicoptc 
on  the  ground,  as  well  as  during  landing  and  takeofl. 
In  addition,  this  type  of  gear  allows  a running  take- 
off, which  provides  additional  lift  and  thus  permits 
an  increase  in  allowable  payload  in  the  event  of  an 
overload  condition.  The  fires  can  absorb  part  of  the 
impact  energy  during  landing,  and  alio  car  act  as  a 
cushion  over  obetaefes  during  taxi  operations. 

Where  the  primary  mission  of  the  helicopter  in- 
volves flight  over  waterways  or  areas  with  a number 

\ 

\ 
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of  lakes,  the  use  of  some  type  of  water-landing  gear  is 
required.  Depending  upon  the  mission  requirements, 
one  of  the  following  options  could  be  selected: 

1.  A type  with  full  seaplane  capability  (either 
floets  or  a boat  hull)  and  having  little  or  no  land 
capability 

2.  An  amphibious  type,  with  either  floats  or  boat 
hull  plus  land  gear 

3.  A type  with  primary  water  capability,  min# 
fabric  (inflatable)  floats  that  also  are  capable  of  being 
used  for  land  operations 

4.  A type  with  secondary  water  capability,  using 
packaged  floats  that  can  be  inflated  for  water  land- 
ings if  desired.  With  this  option,  the  helicopter  still 
maintains  its  laud  gear.  Depending  upon  the  sea 
state,  it  may  or  may  not  be  possible  to  take  off  from 
the  water. 

5.  A ditching  capability,  which  keeps  the  helicop- 
ter upright  (although  it  may  be  partially  submerged) 
long  enough  for  personnel  to  evacuate.  Common 
practice  here  is  to  make  provisions  on  the  helicopter 
to  attach  the  flotation  gear  and  then  to  piovide  the 
major  potion  as  a kit;  thus,  if  the  helicopter  mission 
is  not  over  water,  only  a small  weight  penalty  is  in- 
curred. 

Skis  are  required  for  operation  from  snow-  or  ice- 
covered  areas.  Current  practice  is  to  maintain  the 
normal  landing  gear  and  to  adapt  the  ski  to  it.  This 
gives  the  helicopter  a greater  versatility  and  also  im- 
proves ski  life  by  preventing  the  skis  from  scraping 
when  encountering  areas  bare  of  snow.  Bear  paws  are 
smaller  than  skis  and  are  used  in  marsh  or  bog  areas, 
where  normal  wheels  or  skid  gear  would  not  be 
capable  of  supporting  the  helicopter  weight. 

12-1.1  WHEEL  GEAR 
12-1.1.1  General 

There  are  four  types  of  wheel  gear  in  present  use: 

t . The  conventional  or  tail  wheel  type 

2.  The  tricycle  or  nose  gear  type,  with  and  without 
tail  bumper 

3.  The  quadricycle  arrangement 

4.  The  bicycle  type  gear  with  outrigger  wheels. 

The  recommended  location  and  rollover  angles  for 

the  tail  wheel  amd  nose  gear  types  are  shown  in  Figs. 
12-1  and  12-2,  respectively.  Because  of  the  require- 
ment for  Army  helicopters  to  operate  on  or  from  sur- 
faces with  as  much  as  I $ deg  slope,  the  turnover  angle 
in  any  direction  should  be  at  least  30  deg  (par.  13- 


12-1 


AIICF  706-202 


1.1.8,  AMCP  706-701).  Other  than  turnover  angles, 
there  are  no  specific  requirements  for  or  limitations 
on  the  location  of  the  individual  gear  fore  and  aft  of 
the  CG.  The  quadrkycle  and  bicycle  arrangement) 
may  fall  into  either  nose  or  tail  category;  thus,  the 
same  guidelines  shown  in  Figs.  12-1  and  12-2  apply. 
The  tail  gear  arrangement  automatically,  with  no  in- 
crease in  weight,  provides  protection  to  the  tail  rotor 
during  tail-down  landings,  whereas  the  nose  gear 
arrangememt  usually  requires  a tail  bumper,  or,  in  es- 
sence, a fourth  gear.  However,  no  one  arrangement 


inherently  is  superior  or  preferable.  Many  design 
criteria  and  operational  requirements  — such  as  safe- 
ty, ground  handling,  and  transportability  — must  be 
considered  during  selection  of  the  landing  gear 
arrangement  for  a new  helicopter. 

Because  the  pertinent  trade-off  studies  will  have 
been  made  and  the  optimum  type  of  gear  selected  in 
the  preliminary  design  phase,  the  following  items 
should  be  required  at  the  inception  of  the  detail 
design  phase: 

1.  Gear  and  location,  rollover  angles,  and  other 
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NOTES 

1 CG  LOCATION  TO  BE  EITHER  AT  WEIGHT  EMPTY  OR  AT  BASIC  STRUCTURAL  DESIGN 
GROSS  WEIGHT.  WHICHEVER  IS  MORE  CRITICAL.  STATIC  TIRE  AND  OLEG  DEFLECT  IONQ. 

AT  BASIC  STRUCTURAL  DESIGN  GROSS  WEIGHT  ARE  TO  BE  USED  FOR  ALL  CONDITIONS.  . 

2 THE  LINE  OF  MAIN  WHEEL  MOTION  DUE  TO  SHOCK  STRUT  TRmVEL  MUST  BE  AT  AN 
ANGLE  OF  FROM  3 TO  5 deg  AFT  OF  THE  VERTICAL 

3 THE  TAIL  WHEa  SPINDLE  AXIS  MUST  BE  INCLINED  FORWARD  AT  AN  ANGLE  OF  5 deg. 

4 THE  LINE  OF  WHEEL  MOTION  DUE  TO  SHOCK  STRUT  TRAVa  CAN  RANGE  FROM  45  to 
90  deg.  ABOVE  THE  HORIZONTAL  THE  OPTIMUM  VALUE  IS  60  deg. 

5 TAIL  WHEa  TRAIL  DlSfANCE  MUST  BE  GREATER  THAN  10%  OF  THE  TAIL  WHEEL  DIAMETER 

Figure  12-1,  Wheel  Locations  and  Modem  for  Tail  Wheel  Helicopters 
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constraints  shown  in  Figs.  17-1  and  12-2  must  bs  owl 

2.  Ground  dwinci  with  strut*  and  ofeot  in  a 
static  petfood  must  be  adequate  for  the  operational 
environment  anticipated  for  the  specific  hsbcoptrr 
mission  daaa  A minimum  cfearsaca  of  6 in.  with  all 
ofooe  and  tint  bottomed  out,  or  with  any  ooe  oiao 
and  tire  bottomed  out  and  ail  others  in  a static  posi- 
tion, is  recommended 

3.  Tire  sins  must  btadaquata  to  satisfy  ground  ffo- 
tatkw  requiramenu  at  the  most  advene  CQ  position. 

4.  A shimmy  analysis  should  be  performed  to  in- 
awe  that  *ha  beat  combination  of  trail  angle  aid  dam- 
ping is  being  used. 

5.  A ground  resonance  analysts  must  be  performed 
to  assure  that  spring  rates  end  damping  coefficients 
of  the  olso  and  the  tin  have  the  proper  values  to  keep 
the  hatknpter  out  of  the  resonant  frequency  range 
(See  par.  12-3). 


6.  Braking  capability  adequate  for  both  stopping 
and  perking  the  helicopter  on  a required  slope  must 
be  — ♦■HtUWi 

7.  Final  grouod  loads  must  be  calculated,  end  the 
most  critical  loads  on  the  gear  determined. 

12-1,1.2  Cwseaiat  Design  and  Sslsctisn 
12*1.1X1  Tkee 

Ground  flotation  requirements,  operating  terrain 
and  environment,  and  ground-resonance  criteria  are 
the  main  fetton  that  influence  tire  selection.  Design 
and  construction  features  and  qualification  tests  at 
listed  in  M1L-T-3041  apply  to  aircraft  tires.  When 
these  tires  arc  used  on  helicopters,  standard  aircraft 
ratings  may  be  adjusted  as  shown  in  Table  12-1. 

Because  of  the  low  landing  speeds  and  short  taxi- 
ing distant  \ required  in  helicopter  operations,  ver- 
tical tire  deflection  greater  than  for  standard  aircraft 
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NOTES 

1 CG  LOCATION  TO  BE  EITHER  AT  WEIGHT  EMPTY  OR  AT  BASIC  STRUCTURAL  DESIGN 
GROSS  WEIGHT,  WHICHEVER  IS  MORE  CRITICAL.  STATIC  TYKE  AND  OLEO  DEFLECTIONS 
AT  BASIC  STRUCTURAL  DESIGN  GROSS  WEIGHT  ARE  TO  BE  USED  FOR  ALL  CONDITION  3. 


2 THE  LINE  OF  WHEEL  MOTION  DUE  TO  SHOCK  STRUT  TRAVEL  MUST  BE  AT  AN  ANGLE  OF 
FROM  0 TO  7 .5  deg  AFT  OF  THE  VERTICAL 


3 REFER  TO  PAR.  12-2.2.3.  FOR  TR«,IL  DISTANCE  REQUIREMENTS. 

Vigors  12-2.  Wheal  Locations  and  Modem  for  Nose  Wheel  Helicopter* 
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TABLE  12-1.  LOAD  FACTORS  FOR  HELICOPTER  TIRES 


TIRE  OUTSIDE  DIAMETER 

'LOAD  FACTOR 

'NORMAL  INFLATION  FACTOR 

26  in.  AND  UNDER 

1.67 

1.50 

OVER  26  in. 

1,50 

1.50 

*T0  BE  APPLIED  TO  BOTH  STATIC  AND  DYNAMIC  RATINGS 


is  permissible  at  static  load.  Type  III  tires  are 
classified  as  low-speed,  low-pressure  tires  having  & 
large  cross  section,  and  are  used  when:  good  flota- 
tion capabilities  are  desired.  Type  V/l  tires  are 
classified  as  high-pressure,  high-speed  tires  with  a 
smaller  cross  section  than  Type  III  types.  Type  VII 
tires  have  a high  lateral  spring  rate,  which  may  be 
required  to  control  ground-resonance  tendencies.  In 
addition,  their  smaller  size  allows  their  use  in  high- 
speed compound  aircraft,  where  limited  space  within 
the  airframe  for  gear  retraction  requires  a smaller, 
more  compact  tire.  For  Tvne  fH  tires,  a tire  deflec- 
tion not  to  exceed  40%  is  allowed;  for  Type  VII  tires  a 
deflection  of  37%  is  permitted.  Tire:  efficiency  for  cal- 
culation of  gear  energy  absorption  is  taken  as  43%. 
To  determine  tire  stroke  under  load,  a tire  deflection 
versus  load  curve  should  be  used.  This  curve  normal- 
ly is  available  from  the  tire  manufacturer  for  any 
standard  tire  size. 

Ground  flotation  is  the  measure  of  the  ability  of  a 
tire  to  remain  upon  the  surface  without  causing 
breakdown  or  failure  of  the  soil  under  the  tire.  The 
factors  affecting  ground  flotation  are: 

t v 1 *:  — 

g.  mau  pci  use 

2.  Tire  pressure 

3.  Whcci  spacing 

4.  Strength  of  surface  and  subsoil. 

Flotation  requirement'  for  a helicopter  usually  are 
dependent  upon  its  primary  mission.  This  usually  is 
specified  as  a California  Fearing  Ratio  (CBR)  value 
coupled  with  the  number  of  passes  the  helicopter  can 
make  before  failure  of  the  surface  occurs.  The 
method  of  analysis  of  the  flotation  capabilities  of  a 
helicopter  on  unprepared  surfaces  is  discussed  in  Ref. 
1;  additionally  it  is  important  to  note  that  the  decel- 
eration rate  due  to  braking  should  be  6 ft/sec3  foi 
rotary-wing  aircraft. 

A mere  precise  method  for  ucterming  tire  contact 

area  Ae  is 

Ac  ■ 2.0  WD,  in.!  (12-1) 


where 

W - tire  width,  in. 

D - outside  diameter,  in. 

2.0  “ empirical  constant,  in. 

This  equation  has  been  derived  by  analysis  of  a 
curve  faired  through  test  data  from  current  Urea. 

Sufficient  clearance  must  be  provided  in  the  land- 
ing gear  design  to  prevent  tire  chafing  against  the  air- 
frame or  gear  structure  under  all  conditions  of 
loading  and  operation.  MIL- STD-878  establishes  the 
procedure  for  determining  the  clearances  required 
due  to  growth  of  tires  and  increase  in  diameter  due  to 
centrifugal  force.  In  addition  to  thea?  values,  a 4%  in- 
crease in  section  width  and  height  shall  be  allowed  to 
compensate  for  the  overinflation  allowance  for  tires 
used  on  helicopters.  An  allowance  for  growth  in  gross 
weight  (23%  minimum)  should  be  made  when  wheel 
and  tire  sizes  are  selected  and  clearances  are  es- 
tablished. To  provide  for  such  weight  growth,  the  ad- 
dition of  plies  to  increase  the  load  rating  of  a tire 
otherwise  suitable  for  the  design  and/or  dynamic 
loads  is  acceptable.  A change  of  wheel  and/or  tire 
sizes  during  the  service  life  of  the  helicopter  can  be 
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airframe  structural  components  and  therefore  should 
be  avoided. 

12-1.1.2.7.  Wbteb 

Factors  that  affect  whorl  design  include  notch  sen- 
sitivity. fatigue,  corrosion,  heat  damage  due  to 
sustained  braking,  and  wheel  disintegration  due  to 
tire  failure.  Current  practice  is  to  specify  die  use  of 
forged  aluminum  alloy  materials  (usuaily  2014-T6) 
for  new  designs.  Cast  magnesium  is  not  desirable 
because  of  its  susceptibility  to  corrosion  and  its 
tendency  to  fragment  or  shatter  upon  failure. 

Helicoptei  wheels  shall  be  designed  and  tested  to 
the  requirements  of  M1L-W-30I3.  The  tated  load  for 
the  wheel  shall  be  equal  to  or  greater  than  the  maxi- 
mum static  load  to  which  the  wheel  will  be  subjected 
at  maximum  towing  or  alternate  gross  weight,  which 
ever  is  greater.  Roll  tests  shall  be  for  230  mi  com- 
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pared  to  1500  mi  for  fixed-wing  aircraft.  Bearing  sums 
can  be  erttbliahed  by  the  method*  outlined  to  Ref.  2 
or  a comparable  roller  bavins  handbook.  A seal  or 
other  mean*  of  preventing  water  from  entering  the 
whact  bearings  muat  be  provides  to  prevent  bearing 
oorroetoo. 


12-1.1X3  Shock  Strata 


The  moat  oommonly-uaed  devicet  for  abaorbing 
energy  during  a landing,  and  for  aupporting  the  heli- 
copter during  taxiing  and  ground  operation!,  are  me- 
chanic?! spring*,  liquid  brings,  and  air-oil  struts. 
Other  method*  of  absorbing  energy  (usually  referred 
to  a*  secondary  energy  or  one-time  application  usage) 
ate: 

1.  CruahaMe  structures,  e.g.,  honeycomb 

2.  Friction  devices,  i.o.,  two  materials  in  contact 
with  each  other 

3.  Extruc  ing  devices,  e4.,  metal  drawn  through  an 
underload  bole 


4.  Cutting  c vices,  e.g.,  a ahrrp  edge  slicing 
through  metal  as  it  moves 
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beyond  the  elastic  limit. 

These  devices  are  mentioned  as  possible  solutions 
when  an  energy  abeorption  beyond  the  normal  land- 
iqg  gear  capability  is  desired. 

The  most  commonly-used  mechanical  spring  is  the 
cantilever  type,  with  either  s flat  or  a tubular  cross 
section.  These  can  be  considered  to  have  a linear  load 
deflection  curve  if  they  are  not  stressed  beyond  the 
elastic  limit.  Gtbcr  types  of  mechanical  springs  — 
such  as  Belleville  washers,  ring  springs,  andjvbbcr 
— have  nonlinear  load  deflection  diagrams.  Dam- 
ping is  small  (usually  due  only  to  loss  of  energy  at  the 
support,  or  frictional  forces  between  dements). 
Because  the  rprings  return  far  more  energy  than  they 
dissipate,  the  use  of  spring  landing  gear  usually  is 
limited  to  light  aircraft.  The  lack  of  damping  also  in- 
creases the  likelihood  of  ground  resonance. 

Both  the  liquid  spring  and  the  air-oil  strut  absorb 
energy  by  the  dashpot  principle,  forcing  fluid  under 
pressure  through  an  orifice.  In  either  application  the 
area  of  the  orifice  may  be  fixed  or  may  vary  with  dis- 
placement, as  a metering  pic  of  varying  diameter 
moves  through  a fixed  orifice. 

In  the  liquid  spring  the  compressibility  of  the  fluid 
is  v icd  to  store  energy.  Special  consideration  must  be 
giv.n  in  tbs  gland  designs  to  the  high  pressures  st 
which  these  units  operate.  The  sensitivity  to  changes 
in  temperature  also  must  be  considered.  For  example, 
to  accommodate  low  temperatures,  the  unit  prob- 
ably will  be  pressurised  in  the  extended,  or  un- 
loaded, condition  to  2000  pei  and  special  features 
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such  as  a “decuperator”  unit  must  be  provided  to 
limit  the  pressure  rise  due  to  high  temperature.  A 
liquid  spring  is  particuiarly  well  suited  for  short 
stroke  applications  with  levered  gear  arrangement*, 
out  any  length  stroke  can  be  achieved  by  proper  com- 
bination of  piston  rod  diameter  end  total  volume  of 
oil.  In  fact,  with  tail  rod  liquid  spiings,  exceptionally 
long  strokes  can  be  achieved.  For  servicing  a liquid 
spring  without  jacking  the  helicopter  a charging 
pressure  of  20,000  psi  is  required,  while  the  maxi- 
mum charging  pressure  required  probably  is  2000  psi 
when  the  spring  unit  is  unloaded  and  fully  extended 
by  jacking  the  helicopter. 

In  the  air-oil  strut  a chamber  of  compressed  air  is 
used  to  restore  the  strut  to  a static  position  and  to 
provide  a cushion  while  taxiing  and  imneuvering  the 
helicopter  on  the  ground  (Fig.  12-3).  The  efficiency  of 
this  type  of  shock  absorber  is  shown  by  drop  tests  to 
be  between  80  ai<d  93%.  A conservatively  low  value 
for  the  shock  absorber  efficiency  should  be  u*Jd, 
together  will  .he  specified  reserve  energy  descent  ve- 
locity and  the  design  limit  landing  lose)  factor,  to  es- 
tablish the  maximum  strut  stroke  required  to  absorb 
the  touu  reserve  energy.  This  design  Calculation  is  dis- 
cussed in  pn.  4-10.3,  AMCP  706-201. 

The  lower  values  of  efficiency  are  applicable  to 
struts  containing  fixed  orifices.  The  higher  values  arc 
achieved  by  the  introduction  of  a metering  pin.  This 
configurauon  provide*  a variable  orifice,  which  can 
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be  larger  at  the  point  at  which  spin-up,  or  high  drag, 
loads  are  applied.  The  orifice  area  then  decreases 
further  on  in  the  stroke  and  more  energy  is  absorbed 
at  lower  load  levels.  However,  this  type  of  strut  is 
more  complex  and  the  implications  of  increased 
weight  and  cost  relative  to  a strut  with  fixed  orifice 
roust  be  weighed. 

The  design  of  air-oil  struts  shall  be  in  accordance 
with  MIL-L-8352,  with  two  exoeotions: 

1.  A seal  other  than  the  standard  O-ring  to  avoid 
spiral  failure 

2.  A special  scraper  ring  that  is  more  effective  in 
keeping  out  dirt  than  the  specified  MS  33675  scraper 
rings.  The  latter  have  no  means  of  preventing  dirt 
from  entering  the  strut  past  the  outside  of  the  scraper, 
which  fits  loosely. 

The  first  step  in  the  design  of  the  oleo  strut  is  to 
determine  the  sue  of  the  piston.  The  static  load  and 
static  pressure  define  the  sroa,  and  consequently  the 
diameter,  of  tLe  piston  rod.  The  static  pleasure  is 
determined  from  an  isothermal  air  compression- 
stroke  cu:ve  developed  for  the  strut.  A pressure  of 
3000  psi  can  be  assumed  at  the  compressed  position, 
with  provision  in  the  unit  design  ior  a maximum  of 
4000  pai  to  allow  for  growth  increased  gross  weight) 
of  the  helicopter.  A comp;  sssion  ratio  of  2.5-3.0: 1 .0 
from  the  static  to  the  compressed  position  commonly 
is  applied  during  preliminary  design,  with  the  value 
selected  being  dependent  upon  the  landing  load  fac- 
tor. Thus,  the  static  air  pressure  used  in  the  deter- 
mination of  piston  diameter  will  be  in  the  range  of 
1000  to  1230  psi. 

To  avoid  full  extension  of  the  gear  when  the  heii- 
oopter  is  lightly  loaded,  the  pressure  in  the  extended 


Figure  IK  Typical  Iiefotr— 1 Shock  Stmt 
Air  Cwpcndts  Cane 


position  is  set  at  approximately  25%  of  the  static 
pressure.  The  static  position  is  set  between  66  and 
85%  of  the  strut  stroke,  with  83%  providing  smoother 
taxiing.  As  an  example,  for  a strut  with  s total  stroke 
of  12  in.,  the  static  position  would  be  10  in.  (83%  of 
12  in.)  from  the  fully  extended  position.  A typical 
shock  strut  compression  curve  is  shown  in  Fig.  12-4. 
When  the  static  positions  of  the  individual  struts  are 
being  asketed,  the  overall  landing  gear  configuration 
also  must  be  examined  to  assure  that  all  applicable 
ground  clearance  requirements,  including  flat  tire 
and  fla,  strut  conditions,  are  met. 

As  previously  noted,  the  piston  area  is  determined 
by  the  static  load  and  the  auric  pressure.  The  wall 
thickness  of  the  piston  rod  is  determined  by  the  cri- 
tical combination  of  bending  moment  and  compres- 
sion load.  Of  the  ground  loads  specified  (pan.  4-5 
and  4-6,  AMCP  706-201)  the  braking  conditions  or 
obstruction  load  condition  probably  will  produce  the 
maximum  value  of  bending  moment  in  the  piston 
rod,  which  occurs  at  the  point  that  the  piston  enters 
the  lower  bearing.  Materials  with  ultimate  tensile 
strength  of  260,000  psi  or  greater  should  be  con- 
sidered for  the  piston  rod,  subject  to  the  approval  of 
the  procuring  activity  (MIL-L-8552).  The  ratio  of 
piston  rod  diameter  to  wail  thickness  also  must  be 
examined  to  assure  that  the  design  is  neither  un- 
necessarily heavy  nor  unpractically  difficult  (hence 
expensive)  to  manufacture.  Should  the  wall  thickness, 
as  determined  by  the  critical  loading  condition,  pro- 
duce an  unaccepUbly  heavy  strut,  the  conditions 
governing  the  static  position  should  be  re-evaluated. 

There  are  two  ways  in  which  a shock  normally  is 
mounted,  cantilever  and  universal  (Fig.  12-5).  The 
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Figure  12-5. 


ARTICULATING  GEAR  WITH 
UNIVERSAL-MOUNTED  STRUT 

C and  lever  and  Universal  Struts 
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Mutitow  design  is  used  mow  commonly  because  h «* 
lighter  in  weight,  even  though  Urge  bending  moments 
may  ba  induced  under  loading  eooditkmi  that  in- 
ttmji  g loadB)  or  components  other  *t»»*  it<M|  the 
axis  of  tha  am  Thaan  bending  moments  an  detri- 
mental aot  oaiy  from  tba  standpoint  of  the  reeuhant 
Him.  but  oho  bacauia  they  increase  tha  poaaibility  of 
leakage  through  the  strut  bearing  and  increase  strut 
Motion.  This  friction  can  cauae  erratic  strut  opere- 
tta dories  landing  and  taxiing  operations.  How* 
ever,  uee  of  proper  bearing  materials,  propar  location 
of  aeaia  faa  tha  bearing,  and  low  bearing  pleasures  are 
suitable  prevnutives. 

For  eantitaer-mounta  struts,  the  bearings  should 
be  spaced  so  that  baaring  stress  does  not  aceed  6000 
pal  under  tha  darigc  rids  load,  lire  distance  between 
tha  outermost  ends  of  the  upper  end  tower  bearings 
with  the  strut  Ailly  extended  should  ba  at  least  2.75 
times  tha  piston  dimeter.  For  universal  (pin  ended) 
stmts,  which  have  little  tandtsKy  to  bind,  this  dis- 
tance is  only  1.25  times  the  piston  diems  Nr.  With 
these  parameters  known,  the  length  of  the  strut  can 
be  determined.  The  length  of  » cantilever  atm  in  the 
extended  position  is  equal  to  (Fig.  12-6): 


2.75  x (piston  diamatfr)  + 2x  (stroke) 

+ (silo wanes  for  upper  cap  and  lower  axle 
dealings) 

This  allowance,  shown  in  Fig.  12-6  ns  approximately 
4j0  in.,  will  vary  with  strut  size.  For  universal- 
mounted  strata,  the  length  is  calculated  in  the  same 
manner  as  for  the  cantilever  strut,  except  that  thr 
lower  value  of  minimum  bearing  spacing  Is  umd.  The 
elimination  of  banding  loads  by  a levered  suspension 
thus  results  in  a shorter  strut.  The  use  of  this  config- 
uration is  recommended  for  tali  gear  where  long  trail 
arms  are  desirable  to  reduce  shimmy  tendencies. 

A snubber  or  rebound  ring  is  provided  to  reduce 
the  impact  fortes  upon  the  gear  during  sudden  exten- 
sions, such  as  those  encountered  on  takeoff  and  land- 
ing rebound.  The  strut  in  the  fully  extended  position 
and  not  Couching  the  ground  must  be  capable  of  reac- 
ting to  e rebound  load  factor  of  20  times  the  un- 
sprung weight  of  the  landing  gear,  or  three  times  the 
load  induced  by  air  pressure  within  the  gear,  which- 


fc 

klixkg  of  air  and  oil  in  the  oleo  can  cause  lose  of 
strut  affictacy  as  the  hydraulic  fluid  becomes 
Alan,  foaming  of  the  fluid  takas  place  during 
increasing  the  possibility  of  having  the  in- 
correct amount  of  fluid  in  the  oteo  and  thua  reducing 
tome  of  the  energy-absorption  capability  of  the  strut. 
Current  pracJoe  is  to  install  a separator  piston,  which 
creates  two  separate  chambers;  thus,  no  mixing  of  sir 
and  oil  is  possible.  The  housing  or  outer  cylinder  is 
usually  of  forged  aluminum  construction  end  consists 
of  homes  or  lugs  to  provide  the  method  of  attachment 
to  the  airframe.  A set  of  torque  arms  is  necessary  to 
react  the  torque  lowcu  on  the  gear  dun  to  pivoting, 
and  to  rcsLtiain  wheel  alignment  by  joining  the 
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an  axial  degree  of  freedom.  Main  gear  torque  arms 
usually  are  constructed  of  forged  aluminum,  with  the 
angle  between  the  arms  limited  to  135  deg.  Nose  gear 
torque  arms,  being  susceptible  to  shimmy,  may  be  of 
sad  construction  with  a leaser  angle,  and  may  use  a 
knuckle  design  (multiple  lug*)  at  the  apex  rod. 

The  design  of  nose  and  tail  wheels  must  include 
centering  spiiiigr  to  insure  proper  alignment  of  the 
wheels  during  landing  and  sufficient  damping  of 
angular  motion  to  prevent  shimmy  during  run-on 
landing  and  taking.  Shimmy  is  a self-excited,  rapid 
oscillation  of  the  landing  gear  that  occurs  at  or  above 
critical  landing  eptods.  Basically,  shimmy  is  the  result 
of  s lateral  mitaUgnment  between  the  helicopter  CO 
and  the  oeuter  of  contact  of  the  tire  with  the  ground. 
The  gear  is  deflected  to  one  side,  but  a restoring  force 
due  to  the  elasticity  of  the  gear  and  its  supporting 
structure  causes  tie  wheel  to  move  beck.  It  then  over- 
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shoots  the  center,  with  a tubeequent  lateral  misaiig n- 
ment  on  the  other  tide. 

An  analysis  of  shimmy  is  quite  complicated  if  an 
attempt  b made  to  incorporate  all  of  the  variables; 
however,  a simplified  approach  that  calculates  the 
speed  at  which  shimmy  starts  to  occur  has  proven 
acceptable  for  landing  speeds  below  100  kt.  This 
method  uses  Moreland's  stability  criteria  (Ref.  3), 
which  express  the  equations  of  shimmy  in  a nondi- 
mcnaional  form  containing  all  of  the  mtior  aircraft 
parameters.  A digital  computer  program  has  been 
developed  to  indicate  the  stable  and  unstable  regions 
for  any  given  aircraft  configuration. 

To  reduce  the  possibility  of  shimmy,  seven!  design 
practices  based  upon  experimental  work  should  be 
observed  for  helicopters  equipped  with  nose  gears: 

1 . The  trail  distance  (Fig.  12-2)  should  be  less  than 
8%  or  greater  than  50%  of  the  tite  diameter. 

2.  Dampers  mounted  at  the  wheels  or  at  the  strut 
are  acceptable.  For  dual  wheels,  a damper  connecting 
the  two  wheels  is  preferred  because  the  amount  of 
play  in  the  system  thereby  is  minimized.  Dual  wheels 
are  preferred  for  dynamic  loads  above  20,000  lb. 

3.  A short  trail  distance  usually  requires  more 
damping  than  s long  trail  arm.  Therefore,  an  articu- 
lating or  scmiarticulsting  gear  with  a long  trail  arm  is 
probaoly  lighter  than  a gear  with  a short  trail  arm. 

4.  Hydraulic  viscous  damping  is  preferred.  Fric- 
tion damping  is  not  desirable  due  to  the  large  vari- 
ations encountered. 

j.  Torqi  . arms  should  be  is  stiff  as  possible.  The 
apex  should  be  a knuckle  design  to  avoid  any  offset  in 
the  line  of  action  of  the  two  members.  The  use  of  steel 
instead  of  aluminum  should  be  considered. 

In  the  case  of  single-rotor  configurations,  the  tail 
rotor  provides  excellent  control  of  the  helicopter 
dunna  Sending,  takeoff,  and  taxiing;  therefore, 
steering  of  the  uc:*  or  tail  wheel  is  not  necessary.  A 
device  should  be  provided,  controllable  by  the  pilot, 
to  lock  the  tail  wheel  in  a trail  position  during  land- 
ing and  takeoff  to  assist  in  directional  control.  Nose 
gear  helicopters  arc  inherently  stable  and,  therefore, 
usually  require  no  lock.  Both  nose  and  tail  gears 
should  contain  cams  or  other  centering  devices  to 
maintain  the  gear  in  a trail  position  prior  to  landing. 

As  a rule,  antiskid  devices  are  not  required  for 
vehicles  with  landing  speeds  below  100  kt. 

12-1.1.2.4  Brakes 

Braking  system  requirements  are  governed  by  the 
system  specification,  and  by  MIL-B-8384  and  MIL- 
W-50I3.  Current  cargo  and  crane  helicopters  uje 
Type  IV  systems  because  the  energy-absorption  re- 
quirements dictate  a power-operated  system.  This 


type  of  system  must  operate  from  either  set  of  pedals, 
and  must  penult  parking  of  a Id-dag  slope  without 
application  of  external  power. 

Main  gear  wheel  braking  usually  ia  sufficient  to 
achieve  the  specified  deceleration;  however,  each  heli- 
copter must  be  analyzed  individually  to  determine 
brake  adequacy. 

A parking  brake  handle  accessible  to  both  pilot 
and  copilot  must  actuate  a parking  brake  with 
pressure  sufficient  to  hold  the  helicopter  on  the 
specified  slope  with  the  power  off. 

Sizing  of  brakes  is  dictated  by  prior  constraints  in 
addition  to  the  applicable  Military  Specification.  The 
size  of  the  wheel  and  tire,  previously  selected,  defines 
the  volume  available  for  the  brake  assembly,  and 
hence  the  area  of  the  friction  pads  and  the  number  of 
actuating  cylinders. 

Master  brake  cylinder  sizing  and  detail  design  are 
dependent  upon  the  brake  pressure  and  actuation 
volume  requirement,  the  speed  of  response,  the 
linkage  ratio  to  the  pedals,  and  the  available  preaeure 
supply. 

12-1 2 SKID  GEAR 

12-iJ.i  Owni 

The  major  advantages  of  skid  gear  arc  lightweight, 
low  cost,  and  simplicity.  The  initial  cost  of  skid  gear 
is  less  than  that  of  a conventional  oleo  gear.  The 
elimination  of  wheels,  tires,  brakes,  and  braking 
system  also  results  in  reduced  maintenance.  The  dis- 
advantages arc  the  need  for  support  wheels  or  dollies 
to  handle  the  helicoptei  on  the  ground,  a limited 
running-landing  capability,  the  inability  to  perform 
running  takeoffs  and  to  thereby  incrcace  payload 
with  the  resultant  increased  lift,  and  the  high  rate  of 
wear  of  the  bottom  of  the  skids. 

Skid  gear  is  used  on  many  lightweight  helicopters 
where  the  normal  landing  energy  is  stored  in  tubufer 
or  i octangular  spring  members.  For  harder  landings, 
the  landing  energy  is  absorbed  by  pennr  nent  de- 
formation of  the  spring  members. 

The  static  deflections  of  the  skid  gear  usual!)  arc 
less  than  those  of  oleo  gear.  The  efficiency  of  skid 
gear  is  approximately  50%  until  the  load  in  the  spring 
member  exceeds  the  elastic  limit.  When  the  load  is 
above  the  yield  strength  of  the  member,  the  effi- 
ciency of  the  skid  gear  is  comparable  to  that  of  the 
conventional  gear. 

Ground  clearances  of  structure,  control  surfaces, 
or  external  items  for  skid  gear  shall  no}  be  less  than  6 
in.  with  skids  flat  on  the  ground  in  a static  position. 

12-1.2.2  Crowd  handling  Wheels 

Location  and  number  of  wheels  arc  dependent 
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upon  helicopter  weight  and  CO  location.  UniU 
sheet'd  have  the  capability  of  being  removed  easily 
and  quickly. 

Wheels  should  be  capable  of  rolling  over  a 4-in. 
obstacle.  A braking  device  is  not  required. 

12-1 ’J  Sadi  Plates 

Factors  that  affect  skid  wear  are  speed  of  landing, 
bearing  press -ye.  reoutancr.  of  skid  material  to  abra- 
sion. and  type  of  landing  surface.  Removable  wear 
plates  should  be  located  at  critical  wear  points  along 
the  bottom  of  the  skid  to  prevent  permanent  damage 
to  the  skid  and  supporting  structure  when  a landing  is 
made  on  a hard  surface  at  a speed  of  35  kt.  These 
wear  olates  must  be  designed  to  prevent  excessive 
digging  into  the  pavement  surface  as  a result  of  the 
scuffing  action  rerulting  from  gear  motion.  Steel  wear 
strips  seem  to  give  the  best  results. 


12-1 3 RETRACTABLE  GEAR 
12-1.3.1  General 


J 


Extension  and  retraction  requirements  fo:  the 
landing  actuation  system  are  given  by  the  helicopter 
system,  or  detail  specification. 

The  gear  actuation  system  must  include  a mechan- 
ical lock  at  either  extreme  of  travel;  mutt  provide  an 
indication  of  gear  status  — i.e.,  up,  down,  or  in  tran- 
sit — and  must  provide  a method  for  emergency  ac- 
tuation. Retraction  can  be  accomplished  by  folding 
foward,  aft,  or  laterally,  or  by  telescoping  the  gear 
along  a fixed  oleo  axis,  rorwaid  retraction  is  favored 
for  the  main  gear  in  order  to  permit  the  airstream  to 
assist  in  emergency  extension.  The  telescopic  retrac- 
tion method  may  be  employed  on  the  nose  gear, 
ather  because  structural  considerations  produce  s 
large,  open  wheel  well  in  the  nose,  or  because  the 
note  gear  strut  length  must  be  controllable  in  order  to 
tilt  the  fuselage  for  cargo  loading. 

A typical  retraction  system,  wherein  the  gear  pivots 
up  into  a wheel  well,  contains  the  following: 
t . An  actuating  cylinder  on  each  gear,  which  either 
acts  as  a drag  strut  or  drives  the  drag  strut  linkage, 
which  in  turn  actuates  the  gear 
2.  Mechanical  up  and  down  locks 
3 Mechanical  lock  limit  switches 
4.  limit  switches  on  each  gear  scissors,  or  on  the 
oleo  itself,  which  are  deactivated  when  the  helicopter 
weight  is  on  the  gear. 

The  down  leek  limit  switch,  the  landing  gear  con- 
trol handle,  the  scissors  switches,  and  the  hydraulic 
control  valve  up  coil  are  wired  in  series  so  that  raising 
can  commence  only  with  gear  unload.  Similarity,  the 
up  lock  limit  switch  and  the  control  valve  down  coil 
are  wired  in  series  through  the  control  hand,e. 


The  design  of  the  actuating  systems  shall  be  in  ac- 
cordance with  MIL-C-5503  and  MIL-H-8775.  How- 
ever, the  specified  seals  (MS  28775)  and  scraper  rings 
(MS  28776)  should  be  replaced  where  possible.  O- 
ring  shaft  seals  are  prone  to  spiral  failure  because  the 
seal  works  on  an  unlubricated  shaft.  Improved  ser- 
vice life  has  beer  achieved  by  using  a seal  consisting 
of  a T-shaped  elastomer  supported  by  two  Teflon 
backup  rings.  MS  >crapers  sllow  entrance  of  sand 
and  dirt  because  the  sealing  surface  is  discontinuous. 
A filled  Teflon  jeraper,  preloaded  with  an  O-ring, 
provides  longer  seal  life. 


12-1JJ  Actuation 

Indication  usually  is  provided  for  three  modes  on 
each  gear.  Engagement  of  the  mechanical  up  and 
down  locks  actuates  the  gear  up  and  down  in- 
dications, respectively,  in  the  cockpit. 

Disengagement  of  both  up  and  down  locks  in- 
dicates an  in-transii  condition  by  illuminating  the 
gear  control  handle  from  within  and/or  by  un- 
covering a striped  “barber  pole”  indicator. 


Enisyaj 


Emergency  extension  of  the  gear  should  be 
manual.  An  air  bottle  may  provide  the  energy 
necessary  to  assist  in  lowering  the  gear  and  to  over- 
come air  loads  on  the  gear  door.  Provisions  shall  be 
made  for  emergency  extension  in  the  event  of  loss  of 
hydraulic  pressure  or  of  failure  of  the  landing  gear 
directional  control  valve. 


12-1.4  SKIS  AND  BEAR  PaWS 
12-1.4.1  GoMral 

Skis  and  bear  news  are  similar.  Bear  paws  are  used 
primarily  on  snow  or  soft  terrain  for  nearly  vertical 
descents.  Skis  arc  used  primarily  for  landings  with 
some  forward  speed  in  snow-covered  areas.  Skis  are 
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larger  than  bear  paws,  and  have  a lower  bearing 
pressure,  a longer  nose  section,  and  a greater  length- 
to-width  ratio.  Landing  gear  static  load  versus  accep- 
table ski-bearing  pressure  data  are  shown  in  Fig.  12* 
7. 

Note  that  the  main  gear  has  a higher  allowable 
bearing  pressure  than  do  the  nose  or  tail  gears.  The 
tendency  of  pilots  is  to  feel  for  the  ground,  or  land 
tail  down,  when  operating  tail  wheel  helicopters.  This 
increases  the  effective  tail  ski  load.  As  a result, 
relative  to  the  main  gear  static  load,  a lower  bearing 
pressure  is  required  to  stay  above  the  snow  surface. 
The  nose  gear  must  react  the  dynamic  loads  caused 
by  drag  and  fnction  forces  at  the  main  gear,  and  thus 
a lower  bearing  pressure  is  necessary  to  keep  the  nose 
ski  from  submerging  in  the  snow.  A comparison  of 
typical  missions  indicates  that  lightc.  vehicles  require 
a greater  mobility  than  does  a heavy  cargo  helicop- 
ter. This  is  evidenced  by  the  lower  bearing  pressures 
found  to  be  acceptable  for  helicopters  with  lower  gear 
static  loads. 

Limited  available  experience  indicates  that  above  a 
bearing  pressure  of  approximately  250  psf , ski 
upn*uu3  UwOiuvi  marginal,  -h:!:  a reasonable 
bearing  pressure  for  bear  paws  for  soft-soil  operation 
should  not  exceed  1500  psf  (approximately  10  pai). 

The  length-to-width  ratio  of  skis  is  not  of  great  im- 
portance at  the  low  forward  speeds  encountered  in 
helicopter  operations.  A ratio  of  2.5:1  c rrentiy  is  in 
use  for  helicopters.  On  snow-covered  terrain,  a run- 
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ning  landing  speed  of  at  least  15  kt  is  required  to 
enable  the  pilot  to  maintain  a dear  field  of  vision  by 
keeping  the  helicopter  in  front  of  the  blizzard  created 
by  the  rotor  downwaah. 

Ski  friction  is  due  to  compacting  of  the  snow 
(which  can  vary  greatly  with  the  moisture  content  or 
density  of  the  snow)  and  sliding  iriction.  A coeffi- 
cient of  friction  of  0.25  shall  apply  for  landing  con- 
ditions and  a coefficient  of  0.40  shall  apply  for 
ground-handling  conditions  (MIL-A-8862). 

The  relation  between  snow  depth  and  ski  track 
depth  is  presented  in  Fig.  12-8. 

12-1.42  Installation 

Current  practice  is  to  adapt  skis  to  the  standard 
wheel  arrangement.  The  tire  is  allowed  to  protrude 
through  an  opening  in  the  ski  in  order  to  permit  land- 
ing on  hard-packed  snow  and  iit.  This  permits  the 
tire  to  absorb  some  of  the  landing  energy  that  other- 
wise would  be  transmitted  through  the  ski.  This 
design  also  permits  ground  maneuvering  of  the  heli- 
copter to  work  areas  that  normally  Are  cleared  ol  soft 
snow. 

The  skis  are  usually  of  metal  or  Fiberglss  construo- 
tion  with  a honeycomb  or  balsa  wood  core.  A long 
planing  nose  (Fig.  12-9)  keeps  the  ski  from  digging 
into  the  snow  during  landings  involving  foward 
speed.  The  aft  portion  also  is  raised  upward, 
although  to  a lesser  degree,  to  permit  rearward  move- 
ment over  snow  or  other  obstacles  without  digging  in 
or  snagging.  Replaceable  chafing  strips  may  be  at- 
tached to  the  bottom  of  the  ski  to  protect  it  from 
being  scraped  and  damaged  if  it  contacts  the  ground 
while  landing  or  taxiing  on  snow-cleared  surfaces. 

The  ski  is  attached  to  the  extended  wheel  axle  by 
pedestai  finings  inai  position  tiie  ski  in  fetation  to  tis 
wheel  and  permit  pivoting  of  the  ski  above  or  below 
its  normal  horizontal  position,  thus  allowing  it  to 
follow  the  terrain  without  imposing  high  loads  on  the 
ski  or  gear  structure.  Fore  and  aft  cablet  with 
adjusters  position  the  ski  in  flight  to  minimize  drag  at 
cruising  speed.  Cables  are  attached  above  the  shock 
strut  and  become  slack  as  the  oleo  compresses  upon 
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Figure  22-9.  Ski  Coaflguratioa 
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landing,  allowing  the  ski  freedom  to  seek  its  ovn 
position  on  the  snow.  A spring  or  bunqec  cord  some- 
times is  used  to  keep  the  ski  dear  of  the  ground  on 
wow-froe  runways,  although  some  designs  favor  a 
caster  wheel  at  the  aft  end. 

12-2  LANDING  LOAD  ANALYSIS 

The  operational  environment  to  which  Army  heli- 
copters are  exposed  is  sufficiently  severe  that  it  has 
been  found  necessary  to  increase  the  sinking  speed  re- 
quirements specified  in  MIL-S-U698.  The  applicable 
design  criteria  are  given  in  Chapter  4,  AMCP  706- 
201.  The  requirements  fot  both  symmetrical  and 
asymmetrical  landing  conditions  are  discussed 
therein,  inasmuch  as  a comprehensive  design  analy- 
sis of  the  landing  gear  subsystem  is  required  uuring 
the  preliminary  design  of  a new  model  of  helicopter. 

Landing  loads  sMl  be  determined  by  a rational 
analytical  procedure  that  hu  been  approved  by  the 
procuring  activity.  One  such  procedure  is  outlined  in 
MIL-A-8862.  The  adequacy  of  the  landing  gear  sub- 
sequently will  be  demonstrated  by  drop  test.  The 
quidifketion  requirements,  including  the  drop  test, 
•m  {Wriiwi  n.M»  o turt  irw.vn 
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In  addition  to  the  landing  loads,  the  loau  created 
by  taxiing  over  obstructions,  turning,  braking, 
towing  and  backing  also  must  be  determined  using 
the  design  criteria  of  Chapter  4,  AMCP  706-201 . The 
landing  and  ground-handling  loads  then  are  distri- 
buted as  shear  loads,  and  bending  ar.d  torsion 
moments  at  selected  points  on  the  helicopter.  The 
shear  loads  and  moments  resulting  from  Right  loods 
are  distributed  similarly,  and  the  critical  loads  at  each 
point  are  determined. 

Normally,  the  energy-absorbing  capability  ot  the 
landing  gear  i*  designed  So  ihai  toe  landing  anu 
ground- handling  toads  are  critical  otily  for  the  land- 
ing gear  attachment  and  support  points.  Should  the 
specified  landing  or  ground-handling  loads  exceed 
the  flight  loads,  it  usually  is  appropriate  to  revise  the 
landing  fear  energy-absorbing  system  to  reduce  the 
load  factor  at  the  CG,  and/or  the  local  loads.  The 
airframe  is  overweight  and  structurally  inefficient  if 
the  landing  loads  are  critic*!.  As  with  other  charac- 
teristics, it  is  necessary  to  examine  the  trade-off 
between  energy-abeorbing-system  weight  and  air- 
frame structure!  weight. 

12-3  AVOIDANCE  OF  GROUND 
RESONANCE 

Ground  resonance  occurs  due  to  coupling  between 
the  Main  rotor  blades  oscillating  about  their  lag 
hinges  and  the  airframe  excited  at  its  rigid-body 


natural  frequency  in  the  roll,  lateral,  and/or  pitching 
modes.  Instability  can  result  in  oscillation*  which 
buildup  sufficiently  to  destroy  the  helicopter  in  a 
matter  of  seconds.  Because  the  theory  is  understood 
(Refs.  S and  6),  the  problem  can  be  approached  ana- 
lytically during  detail  design. 

The  factors  governing  stability  are  a combination 
of  rotor  and  landing  gear  parameters.  Several  of  the 
pa.ameten  are  fixed  by  basic  constraints  beyond  the 
control  of  the  landing  gear  designer.  The  critical  pa- 
rameters are: 

1 . Blade  mass,  offsr*,  and  moment  of  inertia 

2.  Number  of  blades 

3.  Blade  damping  about  the  lag  hinge 

4.  Rotor  rprr. 

5.  Fuselage  matt 

6.  Fuselage  polar  mass  moment  of  inertia  about 
the  lateral  and  longitudinal  axes 

7.  Landing  gear  geometry 

8.  Tire  vcitica!  and  lateral  spring  rate 

9.  Oleo  strut  damping 

10.  Structural  spring  rate  of  gear. 

Items  3,  7,  8,  9,  and  10  offer  the  moat  flexibility  in 
assessing  and  resolving  ground  resonance. 

The  problem  i*  further  complicated  by  the 
following  factors: 

1.  Nonlinear  variation  of  the  tire  snd  oleo  spring 
rates  caused  by  changes  in  helicopter  gross  weight  or 
CG 

2.  The  percentage  of  gross  weight  supported  by  the 
rotor 

3.  The  effect  of  improper  servicing  on  the  spring 
rates  of  the  struts  and  tires 

4.  The  effect  of  a flat  or  soft  tire  on  the  spring  rate. 

A detail  design  approach  for  assessing  stability  and 

determining  the  parameter  changes  required  to 
resolve  the  problem  includes  the  following  proce- 
dures: 

1.  Determine  the  lateral,  roll,  and  lon^it'*dinai 
rigid-body  natural  frequencies  of  the  airframe,  con- 
sidering Items  5 through  10  plus  the  aforementioned 
non'inearitics.  Operational  considerations  wilt  deter- 
mine the  range  of  available  parameters  in  some  cases.. 
A range  of  oleo  spring  rates  is  esi  .biichcd  by  the  de- 
celerarion  loads  imposed  upon  the  airframe  and  by 
the  ratio  among  static,  ex'ended,  and  compressed 
lengths.  Tire  selection  is  dictated  by  terrain,  load,  and 
CBR,  leaving  some  latitude  in  tire  vertical  and  lateral 
spring  rates.  The  ran®**  0f  oleo-strut  damping  is  es- 
tablished by  the  necessity  for  an  efficient  enirgy -ab- 
sorption curve.  The  possible  rigid-body  natuiai  fre- 
quencies, and  the  extremes  of  the  ratio  of  rotor  rpm 
to  rigid-body  natural  frequency,  should  be  tabulated. 

2.  A ground  resonance  stability  plot  should  be 
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generated  (tee  Ref.  4 and  Chapter  5,  AMCP  706- 
201).  This  curve  describes  a center  of  instability  by 
skfining,  as  a function  of  blade  properties,  the  ratio 
of  rotor  rptn  to  undamped  airframe  rigid-body 
natural  frequency  that  leads  to  instability.  A band  of 
instaoility  on  either  side  of  the  center  of  instability  is 
Mjperimpoted  using  Coleman’s  technique  (Ref.  4). 
The  analytical  technique  establishes  instability  in  the 
absence  of  oleo-  or  rotor  blade  damping.  A com- 
parison with  the  results  of  Step  1 determines  what 
conditions  of  rotor  rpm  and  strut  nnd  tire  stiffnesses 
lead  to  instaoility. 

3f.  Stabilize  the  system  by  reducing  the  width  of  the 
instability  band  to  zero  through  the  introduction  of 
both  rotor  bub  damping  and  oleo  damping. 
Deutsch's  criteria  (Ref.  S)  specify  the  product  of 
blade  and  e’eo  damping  necessary  to  reduce  the  un- 
stable range  to  zero.  Required  strut  damping  is  ob- 
tained from  Eq.  6,  Ref.  5.  Strut  damping  will  be  non- 
linear with  respect  to  stroke  and  load  if  a tapered 
metering  pin  is  used,  resulting  in  a variable  orifice 
area.  Here,  the  damping  should  be  defined  as  the  tan- 
gent to  the  foree/velority  curve  at  each  discrete  com- 
biftntio-i  of  strut  loading.  The  conditions  for  which 
ground  resonance  must  be  avoided  (see  par.  5-3.5, 
AMCP  706-201)  include  one  blade  damper  in- 
operative and  the  combination,  on  a single  strut,  of 
flat  tirc(8)  and  flat  strut  (shock  absorber  pressure  at 
zero).  These  cases  are  discussed  in  Ref.  5.  The 
methods  of  analysis  aiso  are  discussed  in  Chapter  5, 
AMCP  706-201,  while  substantiation  requirements 
are  given  in  AMCP  706-203. 


2.  Effect  of  partially  empty  fuel  tanks 

3.  Placement  of  passengers,  crew,  ami  cargo 

4.  Rotor  blade  lead-lag  effect. 

For  helicopters  with  a water-takeoff  capability,  a 
minimum  clearance  of  6 in.  between  the  rotor  blades 
and  the  water  mutt  be  provided  at  the  required  sea 
state  with  rotor  shut  down.  This  precludes  possible 
damage  to  the  blades  while  the  helicopter  is  rolling 
and  drifting  during  engine  shutdown. 

Sea  state  is  a condition  that  comprises  height  of 
wave*,  wind  velocity,  and  wave  length.  Current  prac- 
tice is  to  use  significant  wave- height  values,  whi^h  are 
considered  conservative,  for  design.  A graph  of  wave 
height  versus  wind  velocity  for  different  sea  states  is 
shown  in  Fig.  12-10. 

When  calculating  the  buoyancy  of  s float,  it  is 
customary  to  consider  the  weight  of  fresh  water  as 
62.4  Ib/fP. 

Inverted  V-type  hull  sh.~per  arc  preferred  over  flat 
or  round  shapes.  Inverted  V hulls  have  low  water 
resistance  and  reasonable  aerodynamic  characteris- 
tics, whereas  floats  with  circular  bottom  sections  tend 
to  stick  and  to  exhibit  undesirable  spray  characteris- 
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pilot’s  vision  or  damaging  the  blades  during  landing, 
takeoff,  or  taxiing  should  be  incorporated  in  the  in- 
itial design  stage  Spray  deflectors  arc  a possible  solu- 
tion, but  they  result  in  increased  drug,  i.e„  poorer 
performance.  Buoyancy  of  float  hulls  is  dictated  pri- 
marily by  interior  cabin  size,  with  the  result  that  bull 
helicopters  generally  have  substantial  amounts  of 
excess  buoyancy. 


12-4  WATER-LANDING  CAPABILITY 

12-4.1  GENERAL 

The  design  criteria  applicable  to  water  landinp  are 
a sink  speed  of  8 fp«  in  ccmoination  with  2/3  rotor 
lift,  and  appropriate  head  moment  and  diag  at  th<* 
basic  structural  design  gross  weight.  Specific  landing 
conditions  to  which  these  criteria  apply  arc: 

1.  Zero  forward  speed 

2.  Forward  speed  of  30  kt 

3.  Asymmetrical  drop,  with  the  huli  rolled  10  deg 
and  no  forward  speed 

4.  A forwi"  i speed  of  30  kt  and  a yaw  angle  of  15 
deg 

5.  A forward  speed  of  30  kt  and  nose-up  pitch 
angles  of  3,  6,  id  9 deg 

When  detenu. .,mg  the  lateral  stability  of  the  heli- 
copter, the  following  lateral  imbalances  must  be  con- 
sidered: 

1.  Lateral  displacement  of  the  helicopter  CG  from 
the  centerline  as  inherent  in  the  construction  of  the 
helicopter 
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For  water-bared  helicopter*,  the  basic  flotation 
design  will  consist  of  metal  floats  or  hull-shaped  fuse- 
lage with  some  form  of  outriggers  for  stability.  The 
hull  and  auxiliary  float)  must  h've  enough  water- 
tight compartments  so  that,  with  any  single  compart- 
ment of  the  h ill  or  float  flooded,  the  buoyancy  of  the 
helicopter  still  will  provide  suf&ctent  stability  to  pre- 
vent capsizing  in  the  sea  state  in  'hid*  it  is  to  operate. 

The  high  CG  inherent  in  helicoptei  design, 
together  with  the  large  droop  of  the  blades,  makes 
helicopter  operation  in  the  open  ocean  sea  state  dif- 
ficult without  the  imposition  of  large  performance 
and  weight  penalties  to  obtain  the  requited  stabiltiy 
and  blade  clearance  (Fig.  12-10).  The  use  of  a sea 
anchor  to  maintain  a heading  into  the  wind  and 
waves  is  one  approach  to  improving  the  roll  stability 
for  operation  in  this  sea  state. 

12-4-3  ADDITIONAL  CAPABILITY 

Many  helicopters  are  primarily  land  -based,  with 
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to  trie  phase  of  their  operation  performed  on  sheltered 
or  inland  waterways.  For  this  type  of  operation,  hull 
and  auxiliary  floats,  if  used,  must  be  divided  into 
compartments  in  such  a manner  that,  if  any  one 
compartment  is  flooded,  the  buoyancy  of  the  heli- 
copter still  will  provide  sufficient  stability  u>  prevent 
capsizing  If  floats  are  used,  the  buoyancy  necessary 
to  support  the  maximum  weight  of  the  helicopter  in 
fresh  water  must  be  exceeded  by  50%  for  single  floats 
and  60%  for  dual  floats. 

The  most  straightforward  apprr  sch  to  an  am- 
phibious helicopter  is  to  incorporate  a watertight  hull 
with  more  than  adequate  buoyancy  and  with  little 
performance  or  weight  penalty.  Auxiliary  floats  must 
provide  lateral  stability  for  the  sea  state  condition 
•pacified.  The  landing  gear  can  be  retracted  into  the 
auxiliary  floats  to  reduce  drag. 

Another  way  to  obtain  a water  capability  for  land- 
baaed  helicopters  is  to  add  separate  fabric  (bag)  or 
metal  floats.  The  wheels  and  shock  absorbers  arc  at- 
tached to  the  floats  in  order  to  keep  weight  to  a mini- 
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mum.  A single  main  float  is  not  used  on  a helicopter 
due  to  the  absence  of  a wing  or  ether  structure  to  sup- 
port the  auxiliary  floats  that  are  necessary  for  lateral 
stability.  The  permanently  inflated  bag  floats  are  at- 
tached to  the  airframe  by  tubular  members  that  sup- 
port two  fore-and-aft  tubes  to  which  the  floats  are  at- 
tached. These  latter  tubes  provide  both  stiffness  and 
stability  for  the  floats.  The  underside  of  the  float  may 
have  an  additional  tubular  member  to  accommodate 
wear.  This  also  can  serve  as  an  attaching  point  for  a 
damping  unit  if  such  a device  is  required  to  damp  out 
any  tendency  of  the  helicopter  to  shake  or  bounce. 

Larger  amphibious  helicopters  have  both  floats 
and  wheels.  The  wheels  keep  the  float  clear  of  the 
ground  during  land  operations  in  order  to  eliminate 
chafing  and  wear  on  the  underside  of  the  float  am,  to 
allow  taxiing  to  loading  areas  without  the  need  for 
dollies  or  other  special  ground-handling  equipment. 

Floats,  either  primary  or  auxiliary,  must  be  able  to 
withstand  the  maximum  pressure  differential  that 
might  be  developed  at  the  maximum  flight  altitude 
without  exceeding  limit  pressure. 

11-4.4  EMERGENCY  FLOTATION 
CAPABILITY 

The  purpose  of  emergency  floau  is  to  enable  the 
helicopter  to  remain  afloat  long  enough  for  the  occu- 
pants to  leave  sa;riy.  The  helicopter  should  bs 
capable  of  remaining  afloat  in  a condition  of  sea-state 
throe  if  the  normal  helicopter  mission  is  flown  over 
sheltered  areas  or  inland  waterways;  or  in  a condition 
of  five  if  mission?  arc  performed  over  open  waters. 

Two  classes  of  floats  have  emcigency  flotation 
capability:  inflatable  floats  and  d't thing  floats.  The 
inflatable  floats,  which  c*s:  be  ;to*vJ  *>r  f tided  at  the 
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for  inflation.  Inflatable  floats  an.  a lightweight  and 
compact  system,  with  a drag  increase  tint*  is  only  a 
fraction  of  that  of  permanent  floats.  Inflatable  floats 
can  maintain  the  fuselage  clear  of  the  water  so  that,  in 
the  event  of  a forced  landing  in  relatively  calm 
waters,  repairs  of  a minor  nature  may  be  made  to 
allow  the  helicopter  to  take  off  again  and  complete  its 
u.ission.  Because  the  floats  are  inflated  only  a few 
hundred  feet  above  the  water  (inflation  time  ranges 
from  3 to  7 sec),  pressure  change  with  altitude  is  not  a 
design  factor  (heats  normally  are  pressurised  at 
from  0.75  to  ‘,.25  psi.  For  use  with  skid  gear,  these 
floats  are  cylindrical  shaped  and  are  stowed  on  top  of 
each  skid.  For  wheel  gear,  the  float  is  doughnut- 
shaped and  stored  in  a metal  cage  around  each  wheel. 

Ditchtas  floats  usually  permit  the  water  level  to 
oover  the  floor  of  the  crew  or  passenger  compart- 
ment. This  has  the  effects  of: 
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1.  Lowering  the  CO,  thereby  improving  lateral 
•lability 

2.  Redvdttf  the  weight  of  the  submerged  portion 
of  the  helicopter  by  the  buoyant  force  of  the  dis- 
placed water,  thereby  requiring  lea*  buoyanoe  from 
the  flotation  bags 

3.  Keeping  the  helicopter  intact  so  that  the  crew 
can  be  rormed  and  a salvage  operation  can  be  under- 
taken. 

Normally,  two  main  ditching  floats  are  forward  of 
the  CO  and  are  powered  by  a cool-gas  generator  or 
other  method  to  five  rapid  inflation,  uaually  in  under 
3 sec.  Inflation  may  be  activated  by  the  pilot  or  by 
submersible  valves  that  automatically  trigger  the 
generating  unit  when  it  is  immersed  in  water.  A third 
float,  permanently  inflated,  is  mounted  in  the  tail 
cone  to  provide  fore-and-aft  stability. 

1243  MODEL  TESTS 

To  substantiate  the  analytical  data  for  any  type  of 
float  system,  a hydrodynamkally  complete  scale 
model  is  tested  in  a model  basin  capable  of  generating 
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rotors  and  ballast  weights  to  permit  varying  helicop- 
ter weight,  CG,  and  momenta  of  inertia.  Stability,  roil 
response,  and  landing  impact  load  data  then  are 
recorded  and  compared  with  analytical  data.  On 
models  tested  to  date,  cacdtant  correlation  between 
analytical  and  model  test  data  has  been  noted.  With 
the  mode*  in  the  tank,  wave  forms  san  be  generated 
and  model  tendencies  such  as  heading,  rolling,  and 


pitching  can  be  observed.  Methods  of  eliminating  taJ 

rotor  submergence  or  other  undeninblie  characteris- 
tics, if  they  exist,  also  can  be  evaluated. 
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CHAPTER  13 

CREW  STATIONS  AND  CARGO  PROVISIONS 


134  LIST  OF  SYMBOLS 

if  - iprioj  rate  of  suspension,  lb/ft 
K m total  spring  rate  of  two-spring  system, 
lb/ft 

K,  • spring  rate  of  first  spring,  Ib/ft 
k2  - spring  rate  of  second  spring,  Ib/ft 
L - length  of  suspension,  ft 
hiH  - mass  of  helicopter,  slug 

Alt  - mass  of  external  load,  slug 
H - yaw  restoring  moment,  ft  lb/dee 
W » weight  of  external  load,  lb 
x - distance  between  suspension  attach  points, 
ft 

x « longitudinal  distance  in  case  of  four-point 
suspension.  ft 

y ■ Ilian!  uisiiNw  uitWwi  suspension  attach 
points,  ft 

y - four-point  suspension,  ft 

w « natural  frequency  of  suspension  system,  Hz 


13-1  INTRODUCTION 

This  chapter  addresses  the  requirements  for  per- 
sonnel accommodations  and  cargo  provisions  to  t 
incorporated  in  the  detail  design  of  helicopters.  The 
discussion  of  the  cockpit  indudes  the  pertinent  re- 
quirement* for  crew  station  geometry,  passenger 
compartment  arrangements,  seats  and  restraint  sys- 
tems, control/dispiny  arrangements,  map  and  data 
cases,  etc.  Also  included  iff  a discussion  of  the  intet- 
faee  criteria  pertinent  to  the  installation  and  employ- 
ment of  cargo  handling  and  survival  equipment. 
Design  requirements  for  environments!  control  sys- 
tems and  lighting  guidelines  arc  included. 

The  basic  design  of  personnel  and  cargo  ac- 
commodations is  determined  during  preliminary  de- 
sign. The  detail  designer  should  adopt  an  integrated 
systems  approach  to  optimizing  provisions  for  per- 
sonnel and  cargo  in  such  a way  as  to  obtain  maxi- 
mum mission  effectiveness.  To  accomplish  this  goal, 
the  detail  designer  will  consider  parameters  such  as 
the  exact  location  of  displays,  controls,  mission 
equipment,  and  emergency  equipment  and  must  opti  - 
mise on  the  basis  of  anthropometric  data  and  a 
human  factors  engineering  analytic  of  crew  tasks,  fie 


must  recognize  existing  design  boundaries  as  speci- 
fied by  the  preliminary  dr  gn  and  the  appropriate 
Military  Specifications.  Pertinent  Military  Specifi- 
cations are  listed  within  the  chapter  where  ap- 
plicable. 

13-2  PERSONNEL 

ACCOMMODATIONS 

13-2.1  COCKPIT 

There  is  a growing  body  of  literature,  methods,  and 
practices  which  provide  guidance  in  the  application 
of  system  engineering  to  the  development  of  cock- 
pits. Ho  wever,  there  are  few  permanent,  specific,  ab- 
solute requirements.  The  mission  profile,  the  vehicle 
constraint*,  function  analysis,  time-line  analysis,  link 
analysis,  and  the  development  of  new  mainriais  and 
components  must  be  considered  in  determining  code- 
pit  design. 

In  addition  to  design  handbooks  and  manuals  — 
c.g.,  Refs.  1 and  2 — . reference  should  be  made  to 
M1L-STD-250,  MIL-STD-850,  MIL-STD-1333, 
MIL-STD-1472,  Ref.  3,  AFSC  DH  2-2,  and  pars.  13- 
3 ai  d 4-5  of  AMCP  706-201. 

The  general  cockpit  dimensions,  seating  arrange- 
ments and  external  vision  envelope  will  have  been  de- 
termined during  preliminary  design.  The  trade-offs 
available  to  the  detail  designer  indude  standardiza- 
tion of  dimensions  and  controls  versus  opportunities 
for  improvement  resulting  from  a particular  aero- 
dynamic shape.  The  goal  of  maximum  vision  in  all  di- 
rections may  compete  with  instrument  panel  lo- 
cation, airframe  weight,  comfcit,  armor  protection, 
and  aerodynamic  shape. 

The  detail  designer  must  consider  the  entire 
anthropometric  range  of  user  population  for  which 
the  crew  station  is  designed.  The  reach  and  body 
clearance  envelopes  must  consider  the  heaviest 
clothing,  survival,  and  protective  equipment  likely  tc 
b worn  or  used.  Guidance  for  the  application  of 
anthropometric  factors  is  contained  in  Chapter  13, 
AMCP  706-201. 

Crew  station  arrangement  and  geometry  shall  be  in 
so.  v rdmice  with  MIL-STD-250  and  MIL-STD-1233 
unkut  otherwise  specified  by  the  procuring  activity. 
Deviation  from  these  specifications,  or  the  location 
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of  controls  or  equipment  not  covered  by  these  speci- 
fictions,  shall  be  based  on  • human  factor*  en- 
gintenng  analyse  of  crew  tasks.  Controls,  switches, 
and  levers  that  require  frequent  actuation  in  flight 
should  be  conveniently  accessible  to  the  pilot's  left 
hand  to  minimise  removal  of  his  right  hand  from  the 
cyclic  pitch  stick  during  normal  flight. 

13-2.1.1  General  Vision  Requirements 

MIL-STD-850  defines  the  requirements  for  air- 
crew external  vision.  Figs.  13-1  and  13-2  illustrate  the 
Aito(Tt  equal  area  projection  of  the  sphere  showing 
single-pilot/tandem-piiot  and  side-by-side  helicopter 
vision  plots. 

The  problems  associated  with  designing  for  op- 
timum vision  include  reflections,  glare,  distortion, 
light  transmission,  and  angle  of  vision.  Antireflectivc 
coatings  should  be  applied  as  necessary  to  minimize 
reflections  and  glare  from  instrument  fsces,  wind- 
screen, and  windows.  Analyses  of  crew  stations  under 
all  parts  of  expected  mission  profiles  should  be  con- 
ducted to  determine  that  transparent  areas  are  ade- 
quate for  all  mission  requirements.  Light  trara- 
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mized,  consistent  with  mission  requirements.  Tinted 
windows  or  other  design  features  which  ruduo.-  light 
tr&nsmirrion  are  not  acceptable  because  of  their  ad- 
verse ef.  «t  upon  external  night  vision. 

Maximum  obstruction  due  to  transparency  fr*j«e 
members  is  specified  in  MIL-STD-850.  In  heli- 
copters where  there  are  broad  expanses  of  trans- 
parent areas  that  arc  used  by  more  than  one  crew 
member,  vertical  obstructions  should  be  no  more 
than  2.5  in.  wide  projected  on  a pUuie  normal  to  the 
line  of  sight.  This  will  permit  binocular  vision  to,  in 
effect,  sse  around  the  obstruction.  Such  obstructions 
should  be  located  to  avoid  critical  vis  on  areas  and  to 
provide  maximum  distance  between  the  crew 
member's  eye  and  the  nearest  obctruct'ons.  Struc- 
tural design  and  material  selection  guidance  for 
transparent  areas  is  discussed  in  Chapter  11.  When 
necessary,  a rear-vision  mirror  (see  MIL-M-S755) 
should  be  positioned  inside  the  windshield  to  give 
maximum  visibility  to  the  rear  without  obstructing 
forward  vision. 

134.1.2  Controls 

Requirements  for  size,  shape,  location,  range  and 
direction  of  motion,  and  forse-versus-daplaceinent 
characteristics  for  helicopter  controls  are  defined  in 
the  following  documents:  MIL-STD-250.  MIL-STD- 
1333,  M1L-STD- 1472,  M5L-G-53087,  MS 87017,  and 
AFSC  DH  1-3. 

The  pilot-operated  lighting  and  emergency  con- 
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trols  should  be  shaped  and  located  to  that  oa  etrauo 
member  reasonably  familiar  with  their  arrangement 
is  able  to  operate  them  without  visuxi  reference  — the 
so-called  "blind  position  reaction'*. 

All  controls  of  like  function  should  be  grouped  to- 
gether, and  normal  operating  and  emergency  con- 
trols should  have  priority  ot  petition. 

Conformity  to  established  custom  or  standards 
must  be  carefully  reviewed  in  cum  where  unique  mix- 
tion requirements  or  helicopter  design  possibilities 
present  an  opportunity  for  a more  nearly  optimum 
cockpit  arrangement  through  deviation  from  stan- 
dards. Standards,  in  general,  represent  minimum  re- 
quirements and  the  result  of  experience,  but  ere  not 
intended  to  obstruct  progress  nor  to  stifle  initiative. 
However,  the  possibility  of  improvement  through 
deviation  from  standard  should  be  subjected  to 
thorough  analysis  before  approval  is  requested,  aad 
the  designer  should  make  full  uae  of  human  factors 
engineering  techniques  in  order  to  determine  the 
value  of  any  deviation  from  standard  practice. 
Human  factors  engineering  principles  also  shall  be 
used  to  determine  the  locations  of  any  controls  not 
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Control  panels,  control  knobs,  handle*,  or  levem 
other  than  emergency  controls  and  integrally  illumi- 
nated controls  should  be  blade  to  minimize  re- 
flections. Control  panolf  shall  be  designed  in  ac- 
cordance with  MIL-C-8S774.  All  emergency 
switches,  buttons,  handles,  knobs,  and  levers  which 
require  immediate  corrective  action  by  the  operator 
in  the  event  of  an  emergency  should  be  identified  with 
alternate  orange-yellow  rind  black  stripes  in  ac- 
cordance with  MIL-M-18012. 

The  edges  of  adjacent  circular  nondeteat  knobs 
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are  determined  by  torque  and  setting  requirements. 
Knobs  of  less  than  0.5-in.  diameter  should  be  used 
for  low  torque  application  only.  Knobs  with  dia- 
meters of  more  than  0.5  in.  may  somewhat  reduce 
chances  of  error,  but  increase  the  demand  for  control 
panel  area. 
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134,14.1  Pitch  Controls 

Separate  collective  and  cyclic  pitch  controls  should 
be  provided  for  pilot  and  copilot.  The  characteristics 
of  force  vs  displacement  for  these  controls  shall  be  in 
accordance  with  par.  6-3.6,  AMCP  706-201.  An  ad- 
justable friction  device  or  irreversible  mechanism 
should  be  incorporated  in  tbc  pilot’s  collective  pitch 
control. 

Subsystem  functions  controlled  from  the  cy  he 
stick  shall  be  in  accordance  with  MS  27717  and  MIL- 
G- 5808 7.  Among  the  functions  to  be  controlled  from 
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this  location  am  lateral  and  longitudinal  trim,  micro- 
phone  (radio  or  ICS),  weapon  firing,  cargo  or  rescue 
winch,  and  cargo  hook  rrtaaae.  Subeyatam  function 
oon troll  inataliad  on  the  collective  control  head 
should  be  located  in  accordance  with  Ref.  4. 
Example*  of  cyclic  and  collective  control  grip#  incor- 
porating subsystem  cot. troll  are  shown  in  Fig*.  13-3 
and  13-4. 

1M.11I  DCnctfoa&l  Control  IPedala 
The  Icct'tioitf  and  ranges  of  motion  of  directional 
control  pedak  arc  specified  in  MII-STD-1333. 
Pedate  iWf  he  6 in.  minimum  width.  If  mechanical 
adjustment  of  tbs  pedals  it  provided,  it  should  be  lo- 
cated utder  the  instrument  panel  and  Along  the 
centerline  of  the  crew  station.  If  a rotary  pedal  ad- 
justment u used,  the  motion  of  control  to  extend  the 


pedals  should  be  clockwise  The  force  displacement 
characteristics  of  the  pedals  shall  be  in  accordance 
with  par.  6-3.6,  AMCP  706-201. 

13-2.1.3  Seats,  Belts,  and  Haiaeases 
132.13.1  Crew  Seats 

All  crew  member  seats  shall  be  positioned  for  ease 
of  access  to  the  seat,  the  helicopter  exit,  items  such  as 
chart  boards,  snd  necessary  equipment  controls.  The 
pilot  and  copilot  seats  shall  be  easily  adjustable  both 
horizontally  and  vertically.  The  body  contact  areas  of 
the  seat  shall  be  of  open  mesh  construction  or  fabri- 
cated from  permeable  material.  For  helicopters  of  the 
utility  class  and  larger,  the  arrangement  of  the  seats 
shall  be  such  as  to  facilitate  inflight  removal  of  an  in- 
juied  crewmember.  Seats  for  pilots,  navigators,  en- 
gineers, radio  and  radar  operators,  and  electronic 


AlTOf  F S EQUAL  AREA  PROJlC'lQ*  Of  THE  iPHCRE 
RADIUS  OF  PROJECTED  SPHERE  EQuAlS  DUE  DECIMETER 


Figure  13-1.  Skgk  TOoC/Taadeas  pilot  Helicopter  Vision  Plot 


AtTOFf  I EQUAL  AREA  PROJECTION  Of  Thi  SPh'RE 
RADIUS  Of  PROJECTED  SPHERE  EQUALS  0*E  nrC.*TErt 


Figure  13-2.  Side  6y-et4e  Helicopter  Vision  Plot 
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oountermeuurc  crew  membeia  ihould  conform  to 
MIL-S-58095.  The  crew  ihould  be  located  to  mini- 
mize danger  from  rotors,  propellers,  and  turbine 
blades. 

Critical  dimensions  of  the  seat  shall  conform  to 
MIL-STD-1333  and  MS  33S75.  Requirements  for 
structural  strength  %nd  controlled  deformation  are 
given  in  MIL-S-58095  and  MIL-STD-1290.  Crash- 
force  attenuation  shall  be  accomplished  by.  plastic  de- 
formation of  the  seat  structure,  by  load-limiting  de- 
vices, or  by  a combination  of  the  two  methods. 

Seat  armor  may  be  required.  Design  consider- 
ations for  seat  aimor  are  given  in  par.  14-3.3. 

1M.1 3J.  Belts  aid  Harnesses 

Safety  belts  and  harnesses  should  be  installed  for 
aircrew,  troops,  and  passe  igers.  The  crew  restraint 
haracas  shall  include  a lap  belt,  side  strap,  lap  belt  tie- 


down strap,  two  shoulder  straps,  and  a single  point  of 
attachment-release  with  a single- action-release  buc- 
kle in  accordance  with  MIL-S-58095.  Restraint  de- 
vices must  provide  sufficient  freedom  of  movement  to 
permit  crewmen  to  manipulate  aircraft  controls.  The 
release  mechanism  should  prevent  accidental  or  un- 
intentional release,  but  should  also  facilitate  c mer- 
gence release  of  injured  crewmen,  i.e.,  it  ihould  be 
possible  to  relearn  the  harness  with  one  finger  while 
tension  equal  to  the  occupant's  weight  is  supported 
by  the  harness.  It  shall  be  possible  for  the  seat  oc- 
cupant to  make  strap  adjustments  easily,  with  either 
hand.  Ref.  5 describes  the  development  and  test  of  a 
restraint  system  to  meet  the  design  criteria  given  by 
Ref.  3. 

For  those  crew  members  whose  duties  require  them 
to  stand  in  open  doors  or  windows  during  flight,  a re- 
taining harness  should  be  installed. 


SWITCH,  TOGGLE,  4-FOSUION  ON,  CENTS  Off 
FUNCTION.  TRIM 

EXAMPU,  CYCUC  TRIM  CONTROL,  FITCH  t ROLL 


SWITCH,  PUSHBUTTON 
FUNCTION.  DISENGAGE,  AFCS- 
EXAMPLES,  f)  STABILIZATION  SYSTEM 
(2)  AUTO  FILOT 
43)  SAS- 


SWITCH,  SENSITIVE.  ME  .ME  NT  ARY 
FUNCTION.  RAMO/tCS- 
EXAMFLES:  (I)  RADIO  TRANSMISSION 
(2)  ICS  TRANSMISSION 


SWITCH,  PUiMBCTTON,  MOMENTARY 
FUNCTION,  MOMENTARY  DISENGAGE,  AFCS* 
EXAMFUS.  (IJ  fO*CE  HUM 

9)  STICK-CENTERING 
(I)  STABILIZATION  SYSTEM 
(4)  AUTO  FILOT  SYSTEM 


SWITCH,  TY»E  OPTIONAL 
FUNCTION.  OPTIONAL 
EXAMFUS.  0)  WEAPON  SYSTEM 

(2)  OTHER  APPROPRIATE  FUNCTIONS, 
SEE  MIL-STD-130 


SWITCH,  HJSHBUTTON,  MOMENTARY 
FUNCTION.  CARGO  HOOK  RELEASE 
EXAMPLE.  NORMAL  RELEASE  OF  CARGO 


SWITCH,  TRIGGER,  GUARDED,  2-POSITION  ON,  FORWARD  Off 
FUNCTION,  WEAFON  FIRING 
EXAMPLE,  ID  POSITION  - I OW  RATE 
2nd  POSITION  - HIGH  RATE 


( 

M? 


STANDARD  ARRANGEMENT  AND  FUNCTIONS  CF  SWITCHES 


•AFCS  - Ajmlii  Flight  Cor.trol  S/ll—* 
•ICS  - IrwipImiIw  * *•>—* 

•SAS  - SWklllir  Augjiunjm'.an  S^tlw 
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Figure  13-3.  Example  of  C*(1k  Control  Grip 


04.1.4  Map  Mi  Mi  Cim  capable  of  being  stowed  in  • minimum  volume,  to  at 

Map  nd  jm  cww  rfdftrt  Intend  in  not  to  intorfi<4  with  the  transport  of  cargo, 

with  M1L-STD-230  to  that  tbs  mow  Mntar  aa  Troop  mm  era  to  ba  equips  with  lap  bate  and 
roach  aad  boat*  the  cm*  without  havfcg  to  divert  eomUmlk**  should  be  given  also  to  providing 
hfc  attaatkro  torn  hb  dfopfcP  •*  hanmmm  for  th*  occupants  of  iU  forward 

or  tidrwrd  facing  no.  Tha  lap  bdt»  should  retract 

043  FAKINGD  COMPAITTMIIfT  a post  inallj  to  improva  the  esse  of  infroro  and 

The  imlroa*  nf  tin  biMtht  lalWim  n * *ia  Tha  hal*  should  ntflust  automatically  to  tor- 

<Mgn  ro^amoota.  HbtoricaBy,  troop*  have  baaa  ro  a**  without  naod  for  additional  fittings,  and 

tnwportad  ftom  point  to  potot  with  Mb*  ooo-  ioeUng  imd  aahHUag  of  the  lap  bak  should  ba  pos- 


ts srol  aa  knar  survival  prohaMWaa  In 
aapara  la  oaaa  of  a crash  or  ro«^  had 

fun.  iuMMid  utfeiiMi  nMI  daiivnr 
«Ngo  * ooadtthw  to  perform  thair  apacM 

troops  aro  to  bttn«pMtad,Mmpartau* 


for  the 


^ the  hah 
roryto 


dtr  d 


lUil  Ttoap  aal  Thaaaapr  Sanaa 

Tha  bade  daafo*  arifori*  for  troop  and  paaaanpn 
Man  aa*  aafotp,  comfort,  aad  oaaa  of  kagroaa/apaaa. 

Tiadaoefe  Mwogvigg  as—  s*aris  aad  egertdaria* 

the  haBroptar  naiaaiaa  aad  ooaflgaration  are  ncoea- 
aary  to  datararia*  aeat  oriaarttiou.  ix.,  forward  or 
roarward  befog  aaato  Earn  of  Ingram  and  egress  tin* 
dtr  cl  skaatteto  b aariacad  by  auapfo*  rohahla  ia- 
atnriat  ayataaaa  and  bub  atonga  of  the  natraint 
system  to  prawat  aataaglaaiaat  The  daaign  rouat 
ooaeider  tha  nqoinmatt  for  aaae  of  fastening  and  10 
baaing  tha  roatraiat  system. 

Saggmted  oouflguratious  for  troop  seats  are  pro- 
vidad  by  Ref.  6-  Daaign  roqubamaots  for  crash- 
worthfcsms  aad  for  roatraiat  system  design  ia  given  by 
MIL4TD-129Q.  Troop  arntr  should  fold  and  be 
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13111  Caficr 

Interior  color  schemes  Muff  ba  in  accordance  with 
IV  744-93-2  . 

13113  Uphahtoriag  aad  Carpadag 

Tha  abates  of  upholataring  and  carpeting  is,  to 
aoato  extant,  mission-dependent.  Consideration 
should  ba  given  to  availability,  weight,  rosiatanoe  to 
combustion,  wear,  sunlight,  oils  and  greases,  and 
other  degrading  influences  end  stresses.  Coated  and 
aimulatad  leather  fabrics  are  suitable  materials.  Foam 
rubber  par  MIL-R-5GQ1  and  polyurethane  foam  per 
M5L-F-265I4  are  acceptable  For  US  Array  seating  ap- 
plications. 

Sant  cushions  should  minimize  occupant  sub- 
marining and  dynamic  overshoot.  Net-type  seat 
cushions  may  be  used  if  they  prevent  contact  be- 
tween the  occupant  and  the  scat  pan  under  design 
vertical  loads,  and  if  their  rebound  characteristics 
limit  oocupant  return  movement  from  the  point  of 
maximum  deformation  to  1.5  in.  or  Ion.  Cushions 
should  ba  so  contoured  so  as  to  avoid  constrictions  or 
localized  pressures  that  reduce  comfort  or  inhibit 
body  circulatory  functions.  Body  contact  portions  of 
the  seat  back  and  seat  cushion  should  he  permeable. 

13124  SaeeUxg  Tredsfom 

In  an  area  in  which  smoking  is  permitted,  re- 
movable seti-cocuusod  ash  trays  are  necessary.  The 
flight  compartment  ash  trays  must  be  flush-mounted 
and  preferably  ana— ibin  to  the  crewman’s  left  hand. 
Compare*  torts  where  smoking  is  not  permitted  shall 
be  datigaatod  by  aa  appropriate  placard. 

13433  S*m*  U0TO  and  Ahum  Mis 

Crew  stack*  tigmto  are  gorerasd  by  M1L-STD- 
411.  Caution  aad  warning  signah  are  discussed  in 
pm.  10-23. 

Whan  seqpfewd,  to  fawtiBatio*  of  the  aluminum 
P*s  type  of  luma  VaU  to  provided.  A minimum 
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vertical  separation  between  litten  of  18  in.  i*  re- 
quired. The  entire  installation  should  conform  to  the 
strength  requirements  of  M1L-S-8498.  MIL-STD- 
1290  providss  design  guidanos  for  providing  ade- 
quate crashworthiness  in  the  Utter  installation.  Litters 
may  be  installed  either  longitudinally  or  laterally. 
Cara  must  be  taken  to  provide  adequate  crash- 
worthiness  ind  unless  the  litter  configuration  U capa- 
ble of  providing  restraint,  tbs  litter  straps  must  be 
capable  of  restraining  the  patient  against  the  sur- 
vivable  crash  loads.  A lateral  orientation  of  the  litters 
is  indicated  as  preferable.  Ease  of  Utter  loading  and 
in-flight  accessibility  by  medical  attendants  arc  im- 
portant considerations.  A Utter  lift  device  is  generally 
preferable  to  adjustable  litter  support  strap  as- 
semblies if  combat  evacuation  of  litter  patients  is  re- 
quired. Fixed  litter  support  strap  assemblies  should 
be  used  only  wher.  oquired  by  the  procuring  activity. 

The  maximum  dimensional  requirements  fo; 
aluminum  pole  Utters  arc  shown  in  Fig.  13-5.  All 
other  pole  Utters  used  by  the  services  have  the  same 
length  of  pole,  distance  between  poke,  and  length  of 
canvas. 


Oxygen  lines  o.  storage  far  portable  oxygen  units 
— for  the  use  of  all  Utter  patients,  medical  personnel, 
and  other  personnel  — should  be  provided. 

Electrical  outlets  should  be  provided  in  order  to 
operate  electrical  medical  equipment  and  provide 
sockets  for  traveling  leads. 

As  specified  by  the  procuring  activity,  foldaway 
desk,  medical  chest  and  equipment  storage  space,  in- 
tercom equipment  for  two-way  communication 
between  pilot  and  medic,  and  a loudspeaker  system 
for  giving  emergency  instructions  to  evacuees  also 
should  be  provided. 

IU1  SURVIVAL  EQUIPMENT 
13-2-3.1  Inflight  Escape  and  Survival  Eqaipmeat 
Provisions  for  inflight  escape  and  survival  depend 
on  the  performance  capability  of  the  helicopter,  the 
nature  of  the  mission,  configuration  of  the  heli- 
copter, crew  training,  aud  equipment  provided.  For 
most  helicopters,  the  aulorotativt  characteristics  of 
the  helicopter  and  the  low  altitude  at  which  moet  mis- 
sion? a it  flown  make  inflight  escape  undesirable  if 
not  impossible.  Therefore  parachute  provisions  are 


Figure  13-5.  Rigid  Pole  Litter 
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not  required  unless  specified  by  the  procuring  activi- 
ty. If  feasible,  the  role  of  inflight  emergency  escape 
systems  is  to  deliver  the  crewmen  and  passengers  — 
with  necessary  survival  equipment  — to  the  earth's 
surface  in  such  physical  condition  that  they  can  per- 
form the  actions  required  to  survive,  evade  capture, 
and  take  action  necessary  (such  as  the  establishment 
of  signals)  to  aid  in  rescue  operations.  Although  in- 
flight oscape  systems  are  not  now  operational,  re- 
search and  experimentation  have  been  undertaken 
toward  the  devetapment  of  such  systems.  An  example 
of  such  an  effort  is  the  HEPS  program  of  the  US 
Navy.  In  this  program  a pyrotechnic  device  permits 
separation  of  the  canopy  and  rotor  system  from  the 
helicopter  and  extraction  of  the  crew  if  autorotation 
is  impossible. 


1343.2  Ground  Escape  and  Ditching  Piorbleas 
Because  of  the  variety  of  emergency  situations  that 
can  occur,  the  design  of  emergency  egress  facilities 
and  ditching  capabilities  is  a difficult  problem. 
Among  the  primary  design  parameters  arc  the 
number,  size,  strength,  and  location  of  emergency 
doors;  the  use  of  slide  ropes,  slide  poles,  and  ground 
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created  exits;  and  performance  features  that  maxi- 
mize chances  for  successful  ditching. 

The  scope  of  appropriate  ground  and  ditching  pro- 
visions will  have  been  defined  during  preliminary  de- 
sign (see  par.  13-3.2.1,  AMCP  706-201).  Mission  re- 
quirements largely  dictate  the  size  and  shape  of  the 
helicopter,  as  well  as  its  basic  performance  character- 
istics. These  in  turn  help  to  establish  the  nature  and 
likelihood  ot  the  possible  emergency  environments. 
An  analysis  of  the  characteristics  of  the  helicopter 
and  the  emergency  environments  can  be  used  to 
create  a weighted  checklist  of  required  ditching  sxd 
emergency-egress  provisions.  Detail  design  requires 
that  these  provisions  be  continuously  reviewed  and 
re-optimized  u adjustments  or  improvements  in  sub- 
systems are  made.  Detail  considerations  include 
design  of  doors  or  escape  hatches  to  minimize  possi- 
bilities of  jamming  due  to  crash  deformation  of  crew 
or  passenger  compartments.  Design  guidance  is  pro- 
vided by  Ref.  3.  Included  are  recommendations  re- 
garding operation  of  emergency  exit  clotures  and  re- 
quired markings  for  emergency  exits. 


13433.  Emergency  Lighting  PravMms 
Emergency  lighting  provisions  should  be  installed 
independent  of  the  craft  electrical  system  in  the  pas- 
senger or  cargo  compartments.  Profei  «icc  should  be 
given  to  an  emergency  lighting  system  that  is  self- 
contained,  explosiouproof,  waterproof,  and  operable 


by  a combination  manuai/inertia  type  switch.  One 
emergency  lighting  unit  should  be  provided  at  or  near 
each  emergency  exit.  Additional  criteria  and  design 
guidance  are  provided  by  Ref.  3. 

1344.4  Life  Rafts 

The  type  and  number  of  life  rafts,  if  required,  will 
be  specified  by  the  procuring  activity.  Design 
guidance  for  life  raft  installation  directions  is  given  in 
MIL-R-9131  and  MJL-L-5567. 


13433  Survival  Kim 

Army  aviators  usually  wear  survival  vests,  which 
are  personal  equipment  and  for  which  the  designer 
has  to  insure  weight  allowance,  restraint  capability, 
and  absence  of  control  or  roach  interferences.  In  ad- 
dition to  this,  space  provisions  for  survival  kits  shall 
be  provided. 

1343.6  First  Aid 

The  type  of  first  aid  kit  will  be  specified  by  the  pro- 
curing activity.  Selection  of  the  location  of  the  first 
aid  kit  should  be  based  upon  the  requirements  of  in- 
flight access  as  well  as  easy  access  in  case  of  emer- 
gency egress. 


1343.7  Fire  Extinguishing  Systran  and  Axe 

The  differences  in  size  and  configuration  of  heli- 
copters preclude  specifying  a standard  location  for 
portable  fire  extinguishers.  The  portable  Tire  ex- 
tinguishers should  be  located  in  such  a way  that  they 
arc  readily  accessible  to  the  crew  members  at  their 
normal  duty  stations.  Hand  fire  extinguishers  may  be 
mounted  either  vertically  or  horizontally.  The  ex- 
tinguishers must  not  be  mounted  over  or  behind  the 
heads  of  crew  members  when  they  arc  positioned  in 
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litter  compartment  should  be  provided  with  a mini- 
mum of  two  extinguishers  at  each  end  of  the  com- 
partment and  near  entrance  doors  if  it  is  practicable. 
Fire  extinguishers  for  use  in  occupied  areas  shall  use 
non  toxic  agents.  Hand  emergency  fire  axes  shall  be 
provided  as  r perilled  by  the  procuring  agency. 


134.4  ENVIRONMENTAL  CONTROL 
13-2.4.1  Vratllatioa,  Hearing,  and  Cooling 
Ventilation,  heating,  and  cooling  requirements  are 
defined  in  par.  13-3.2.3.2,  AMCP  706-201.  During 
detail  design  the  specific  environmental  control  unit 
must  be  selected,  air  duct  routing  defined,  and  the 
type  and  location  of  the  air  discharge  ports  defined. 
The  location  ai.d  controllability  of  the  air  outlets 
shall  be  adequate  to  meet  the  10-dcg  maximum 
temperature  spread  in  both  tbs  heating  and  cooling 


mode*.  At  least  one  outlet  for  each  crewman  shall  be 
located  to  provide  variable  airflow  over  the  head  and 
chest.  This  feature  significantly  increases  comfort  in 
the  ventilating  and  cooling  modes.  Detail  design 
guidance  on  environmental  control  and  air  dis- 
tribution systems  can  be  found  in  Refs.  19  and  20.  An 
example  analysis  of  heating  and  ventilation  require- 
ments is  presented  in  Appendir.  A. 

There  should  be  a comprehensive  investigation  of 
the  possible  toxic  elements  from  all  of  the  materials 
that  go  imo  the  construction  of  the  aircraft.  Con- 
sideration must  be  given  to  rite  removal  and  the  de- 
tection of  any  toxic  elements  which  may  enter  into  or 
be  generated  within  the  crew  compartments  or  the 
cockpit.  As  new  materials  are  developed  for  use  in  the 
construction  of  the  aircraft,  they  must  be  tested  to  de- 
termine possible  toxicity.  Since  it  is  impossible  to  pre- 
sent a comprehensive,  up-to  date  list  of  toxic  agents 
which  may  find  their  way  into  the  cockpit,  it  is  neces- 
sary that  each  design  program  consider  toxic  hazards. 

15-2.4.2  Windshield  Defoggtag  aad 
Deicing  Equipment 

The  windshield  defogging  and  deicing  equipment 

should  be  piuviucu  io  mcci  ihc  requinanenui  of  ihc 
altitude,  thermal,  and  weather  condition  required  by 
the  mission  profile  of  the  helicopter.  Detail  require- 
ments are  given  by  MIL-T-5842.  Automatic  end 
manual  override  controls  should  be  provided  as  ap- 
propriate. In  the  case  of  anti-icing  through  chemicals 
such  as  alcohol  or  other  toxic  substances,  the  design 
should  be  such  that  the  fumes  or  liquid  will  not  enter 
the  cockpit  or  passenger  compartments  and  thus 
adversely  affect  the  crew  or  passengers. 

15-2.43  Accoutkal  ErlnxwK 

The  noise  within  occupied  compartments  shall  no’. 
be  in  excess  of  the  maximum  allowable  levels 
prescribed  in  MIL-STD-1474,  MIL-STD  740,  or 
M1L-A-8806,  as  applicable.  M1L-S-6144  provides  the 
general  specifications  for  the  soundproofing  of  air- 
craft. 

Special  attention  must  be  paid  to  techniques  for 
reducing  noise  level  at  its  source,  and  to  the  use  of 
special  materials  and  techniques  for  insulating 
against  acoustical  n 5«e.  Reference  should  be  made  to 
par.  13-3.2.2,  AMCP  706*201,  for  information  on 
maintaining  noiac  levels  within  acceptable  levels. 

Auxiliary  systems  that  normally  operate  for  longer 
than  5 min  should  not  produce  an  increase  in  noise 
levels  in  occupied  compartments  above  that  specified 
in  MIL-A-8806. 

Special  missions  which  may  require  noise  levels 
lower  than  those  required  by  the  general  Military 


Specifications  should  have  the  requirements  so  stated 
in  the  detailed  procurement  specification  and  special 
care  should  be  taken  to  insure  that  these  levels  are  not 
exceeded. 

1543  SIGHTS  AND  SIGHTING  STATIONS 

Provisions  must  be  made  for  safe,  efficient 
positioning  of  tights  and  lighting  stations  required 
for  direction  of  helicopter  weapon  systems.  Design 
guidance  for  both  direct  and  indirect  sights  follows. 

1543.1  Direct-riewiag  Sight* 

Direct-viewing  sights  may  be  fixed  or  slewable. 
Fixed  sights  generally  are  provided  to  permit  pilot 
operation  of  fixed  weapons,  flexible  weapons  in  the 
stow  position,  and  rockcu. 

Fixed  sights  should  not  restrict  pilot  movement  or 
field  of  view  during  normal  flight  conditions. 
Furthermore,  the  fixed  sight  must  not  interfere  with 
emergency  exit  crew  movements.  The  sight  may  be 
folded  out  of  the  operator’s  field  of  view  until 
required.  Sufficient  clearance  must  be  provided  to 
permit  the  pilot  (with  gluves)  to  place  the  sight  into 
its  operating  position  and  to  perform  any  required 
hand-operated  reticle  ■ d j uzti'i cn ts . 

A direct-viewing  flexible  pantograph  sight  may  ^ 
also  be  provided  at  the  gunner’s  station.  It  generally 
is  supported  from  the  aircraft  structure  and  is  hand 
directed  by  the  gunner.  Alternately,  the  sight  may  be 
fixed  to,  and  rotate  with,  the  gunner's  seat  during 
target  tracking  and  firing  operations.  The  helicopter 
designer  must  insure  that  adequate  clearance  is 
provided  for  the  gunner’s  head,  hands,  and  other 
extremities  to  permit  unrestricted  movement  of  the 
•ighting  station  installation. 

Airframe  and  cockpit  surfaces  within  the 
operator’s  f icw  should  have  dull  (antiglare) 
fin  ones  to  prevent  reflection  and  eye  strain.  The 
canopy  enclosure  (windshield)  within  the  line-of-aight 
envelope  should  contain  as  few  areas  of  curvature 
and  thickness  variations  as  possible  to  minimize  opti- 
cal refraction  and  distortion.  That  portion  of  the 
windshield  within  the  sight-aiming  envelope  should 
have  adequate  defoggmg  and  deicing  provisions. 

Direct  viewing  sights  have  been  a major  source  of 
serious  or  fatal  head  traumas  in  crashes  in  US 
military  aircraft  during  World  War  II,  Korea,  and 
Vietnam.  It  is  essential  that  all  sighting  devices  be 
designed  to  minimize  the  potential  for  injury.  Safety 
factors  to  be  considered  are: 

1.  Capability  for  instant  removal,  jettisoning,  or 
storage  during  ei  ergency  periods  should  be 
provided. 

2.  Stowed  sight  positions  should  not  create  ad- 
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tfltioaal  hazards  to  otbsr  craw  personnel  in  the  event 
of  esMgoocy. 

3.  Adequate  (towed  tiedown  strength  abould  be 
provided  to  prevent  tbe  tight  from  rebounding  during 
impost. 

4-  Jettieooed  or  ressovsd  tights  should  not  repre- 
sent lethal  miadk  hazard  in  the  event  of  a crash. 

3.  The  guidanos  contained  in  Ref.  3 (Chapter  6) 
should  ba  followed. 


imi  Hehnet  MeanM  Sight 

The  hehnet  mounted  tight  is  another  type  of  direct- 
viewing  optical  eight  currently  used  for  heikopter 
eppticatioes.  The  sum  clearance  considerations  app- 
ly to  this  installation  ss  to  the  aircraft-mounted  flexi- 
ble sight  Adequate  heed  cfcaranoe  must  be  provided 
between  helmet  projections  and  the  aircraft  structure 
for  normal  flight  operation  and  for  weapon  control 
within  the  required  azimuth  end  elevation  flexibility 
rant*.  Qukx -disconnect  provision  must  bs  made  to 
alow  dislodging  of  the  hehnet  from  hi  electrical  or 
mechanics!  connection  with  the  aircraft;  provisions 
alro  must  be  made  enabling  such  disconnection  to  be 

( • operation. 

" B*'\  One  typo  ot  helmet  sight  incorporates  a mechanic 
1 cal  linkage  to  detea  bend  motions  and  sum  the 
aiming  information.  Other  types  of  bebnet  sights  use 
tight  sensors,  sonic  sensors,  and  electromagnetic 
fields  to  perform  the  seme  function. 

Another  type  of  direct  sight  is  the  periaoopic  sight 
which  views  the  target  through  a mirror  arrange- 
ment and  permits  the  sight  head  to  be  located  ex- 
ternally and  in  locations  that  allow  unobstructed  line 
of  tight  within  a large  envelope  of  azimuth  and  de- 
pression angle  limits.  The  optical  equipment  may  be 
supported  from  the  aircraft  structure,  or  may  consti- 
tute m integral  part  of  rotating  gunner’s  station. 
Partioope  installations  of  either  type  ere  sizable  and 
requite  adequate  airframe  support  structure.  Power 
requirements  for  a flexible  gunner’s  tight  station  may 
be  significant  and  may  require  early  consideration  of 
sighting  station  cable  or  hydraulic  line  sizing  and 
routing. 


134JL3  ledkeet  Sights 

Indirect  sights  receive  the  taiga  image  from  elec- 
tronic seeaots  and  project  it  to  the  observer  by  means 
of  a panel-mounted  or  helmet-mounted  display.  The 
ability  of  the  observer  to  detea  and  identity  targets 
with  an  indirect  tight  U dependent  on  display  resolu- 
tion,  contrast,  number  of  shades  of  grey,  display  size, 
1 and  eyo-to-panel  distance.  Detail  design  guidance  for 
indirect  view  sights  and  other  CRT  displays  is 
available  in  Ref.  21. 


1MA4  Mtafls  flighting  Stetieas 

Sighting  stations  for  missile  installation  generally 
will  employ  the  tight  tntiallarion  uand  for  guns  and 
rockets.  Provisions  may  be  required  for  installation 
of  retractable  optical  filters  (in  the  gunner’s  line  of 
sight)  for  use  when  the  missile  aaluust  light  intensity 
is  sufficient  to  cause  temporary  btindnsei  or  s blurred 
view  of  either  the  target  or  the  guidance  references. 
Sight  alignment  with  tbs  aircraft  datum  plane  may  be 
obtained  electrically  or  mechanically,  and  generally 
requires  provisions  for  at^ustment. 

13-3  LIGHTING  SYSTEMS 

134.1  EXTERIOR  LIGHTING  SYSTEM 

The  exterior  lighting  system  design  may  include  an 
anticollision  light  system,  formation  lights,  landing/ 
taxi  lights,  searchlights,  floodlights,  and  position 
lights.  These  are  discussed  subsequently.  MIL-L-6503 
provides  specific  design  requirements  fos  exterior 
lighting. 

134.1.1  AaticcllWan  Light  System 

Unless  otherwise  specuieti,  the  Army  developed 
day/night  anticcllision  light  system  staff  be  provided. 
This  system  is  identified  as  Light  Set,  Navigation 
(AABSHIL)  and  provides  a white  daytime  strobe  of 
3300  effective  candle-power  and  a red  night  time 
strobe  or  150  effective  candle-power.  This  system  is 
available  in  the  following  two  types: 

1.  Type  I (28  V)  NSN  6620-00-361-0644 

2.  Type  11  (US  V)  NSN  6620-00-361-0614 

Field  of  coverage  staff  be  as  specified  in  M1L-L- 

6503. 

134.14  Formation  Lights 

For  helicopters,  formation  flying  lights  usually  fall 
into  two  categories:  fuselage  formation  flying  lights 
and  rotor  tip  lights. 

Fuselage  formation  flying  lights  shall  be  so 
arranged  that  adjacent  aircraft  can  fly  in  either 
stepped-up  trail  formation  or  vee  formation  by  align- 
ment of  lights.  Durable  electroluminescent  panels 
easily  can  be  adapted  for  fuselage  lighting.  Refer  to 
the  specific  aircraft  system  specification  for  detail  re- 
quirements. A test  installation  is  required  to  verify 
optimum  system  design. 

Rotor  tip  formation  flying  lights  should  be  con- 
sidered on  helicopter*  because  the  rotor  blade  usually 
extends  beyond  the  fuselage,  and  movement  of  the 
rotor  disc  provides  an  indication  of  an  impending 
maneuver.  Due  to  the  high  centrifugal  loads  of  rotor 
tips,  multiple  white  lamps  should  be  used  mini- 
mizing filament  and  vibratory  angle.  Some  type  of 
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•lip  ring  normally  will  be  required,  ai  well  as  wiring 
in  the  rotor  blade  itself.  Five  different  light  intensity 
levels  have  been  found  satisfactory.  Formation  lights 
must  not  be  visible  from  the  ground,  and  should  be 
further  shielded  when  practical  to  be  visible  only 
from  behind  and  at  the  same  altitude  and  slightly 
above  the  lead  aircraf.. 

134.13  Laadlag/Taxi  Light 

A 600-W  or  1000-W  retractable  landing  light 
(1000-W  preferred)  shall  be  installed.  For  small 
helicopters  with  limited  power  systems,  lights  of  less 
wattage  may  be  acceptable.  MIL-L-6503  requires 
that  this  light  be  slcwablc  from  20  deg  above  to  60 
deg  below  the  normal  level  flight  position  of  the  ait 
craft.  For  those  helicopters  having  limited  lower  nose 
space  available,  the  20-deg  light  above  normal  level 
flight  position  may  be  difficult  to  meet,  and  a devia- 
tion should  be  requested. 

133.1.4  Searchlight 

A 450- W controllable  searchlight,  in  accotcancc 
with  MIL-L-6503.  shall  be  provided  unless  the  detail 
specification  requires  a larger  searchlight,  i.e.,  600-W 
or  1000-W. 

133.13  Floodlight  System 

Some  detail  specifications  for  rescue  helicopters 
may  require  a floodlight  system  in  addition  to  the 
landing  lights  and  searchlights.  The  ground  area  to  be 
illuminated  and  the  helicopter  altitude  when  using 
the  floodlight  system  should  be  determined  prior  to 
the  design  or  during  a lighting  mock-up. 

133.1.6  Position  Lights 

All  helicopters  shall  be  equipped  with  fuselage  side 
position  and  tail  lights  as  defined  in  MIL-L-6503. 


1333  INTERIOR  LIGHTING  SYSTEM 

The  interior  lighting  system  design  may  include 
cabin  and  compartment  lighting,  cockpit  lighting, 
panel  lighting,  interior  emergency  lighting,  portable 
inspection  lights,  troop  jump  signal  lights,  worktable 
light,  warning,  caution,  and  advisory  lights,  and  in- 
strument panel  lighting.  The  applicable  Military 
Specifications  for  the  interior  lighting  system  arc 
MIL-L-6503,  MIL-P-7788,  M1L-L-5667,  M1L-L- 
27160,  and  MlL-L-25467. 

133.2.1  Cab  la  and  Compartment  Lighting 

Cabins  and  compartments  shall  be  provided  with 
suitable  l.xhting  for  passengers  and  crew.  These  lights 
shall  be  intw'Ucd  so  that  their  direct  rays  are  shielded 


from  the  pilot's  eye*,  and  so  no  objectionable  re- 
flections are  visible  to  the  pilots.  In  aircraft  where 
dark  adaption  is  required,  thane  Ugbts  ska II  be  capa- 
ble of  providing  both  red  and  white  illumination  with 
separate  dim  controls  in  the  cabin  area.  The  required 
levds  of  illumination  are  tabulated  in  MIL-L-6503. 

13333  Cockpit  Lighting 
Cockpit  lighting  shall  provide  illumination  suffi- 
cient to  enable  crew  members  to  ascertain  readily  in- 
dicators and  switch  positions.  A cockpit  dome  light, 
with  controls  accessible  .o  both  pilot  and  copilot,  will 
normally  meet  this  requirement.  The  dome  light  shall 
be  dimmable  and  provide  either  red  or  white  lighting. 

13333.1  Utility  Lights 
MIL-L-6503  gives  applicable  design  requirements 
foi  cockpit  utility  lights.  For  most  helicopters,  one 
light  is  installed  for  each  pilot. 

133333  ScceaJary  Lighting 
Secondary  lights  shall  be  installed  in  the  instrument 
glare  shield  to  provide  dimmable  red  and  white  il- 
lumination for  supplementary  and  thunderstorm 
lighting.  These  lights,  connected  to  the  essential  bus, 
shall  be  in  accordance  with  MIL-L- 18276.  Utility 
lights  may  suffice  aa  a secondary  light  source  in  cer- 
tain cockpits  if  they  can  be  located  to  illuminate  es- 
sential inctrumcnu  while  remaining  readily  ac- 
cessible to  be  used  as  utility  lights. 

13333  Panel  Ugh  ting 

Control  panels  shall  be  sufficiently  lighted  to  per- 
mit easy  and  accurate  reading  of  the  information  con- 
tained thereon.  Integrally  illuminated  panels  shall  be 
provided  in  accordance  with  MIL-P-7788  when  a red 
lighted  cockpit  is  specified,  or  in  accordance  with 
MlL-P-83335  when  Air  Force  blue-white  light  is 
specified. 

1333.4  Interior  Emergency  lights 
An  interior  emergency  lighting  system  when 
required  shall  be  in  accordance  with  MIL-L-6503. 
Design  innovation  radioactive  luminous  lighting  pan- 
els may  fulfill  some  of  the  requirements  of  MIL-L- 
6503  for  emergency  lighting. 

13333  Portable  Inspection  Lights 
MIL-L-6503  requires  that  each  helicopter  be 
equipped  with  a hand-held  scanning  light.  The  light 
covered  by  MIL-L-7569  is  approved  for  this  ap- 
plication. Outlets  shall  be  provided  in  the  cockpit  and 
crew  compartment  to  permit  the  required  in- 
spections during  hours  of  darkness. 
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13-3~\6  Trcof  Jxu#  Sitwd  Ll^st 
A s defined  in  MIL-L-65G3,  when  required  by  the 
procuring  activity,  t troop  juop  signal  light  shall  he 
provided. 


I3A2.7  W*«tas,  Cawrfoa,  aad  Advisory  tights 
The  warning,  caution,  and  advisory  lighting  system 
is  discussed  in  pnxr.  10-2.2. 


1M2.8  Isdnust  Panel  Lighting 

Instrument  panel  lighting  is  discussed  in  per.  10-2. 

IM2.9  Cargo  Compartm^t  Ughting 

Cargo  compartment  lighting  should  consist  of,  at 
the  minimum,  two  rows  of  flush-mounted  ceiling 
floodlights  located  along  the  rages  of  the  ceiling.  It 
also  is  advisable  to  provide  external  lighting  in  the 
genera!  area  of  the  ramp  and  other  doorways,  to 
facilitate  night  loading  and  enhance  safety.  A row  of 
lighta  along  the  base  of  the  side  walls  provides  the  il- 
lumination required  for  the  rigging  of  tiedowns  on 
vehicle  frames  and  undercarriage. 

_)  13-4  CARGO  PROVISIONS 

13-4.1  INTERNAL  CARGO 

The  provisions  of  this  paragraph  arc  applicable  to 
helicopter  >;  having  an  all-cargo  or  combined 
cargo/passrnger-carrying  mission,  with  the  cargo 
carried  witltin  a fuselage  compartment  or  within  a 
pod  separate  from  the  baaic  helicopter  airframe. 
Baggage  compand'"’1?,  incidental  cargo  provisions, 
and  equipment  stowage  bins  should  conform  to  the 
cargo  vviTijwtfin&i  design  enter,*  wherever  pos- 
sible. 

Army  cargo  can  be  grouped  into  two  classes.  Class 
A cargo  includes  unpacked  items  and  loose  boxes 
smaller  than  a 3-ft  cube  which  can  be  restrained  by  a 
net  or  similar  device.  Class  B cargo  includes  target, 
single-unit  leads  such  as  vehicles,  artillery,  and  fuel 
barrels,  which  are  secured  individually  within  the 
cargo  compartment.  Incidental  cargo,  which  falls 
into  neither  class,  includes  items  such  an  spare  parts, 
flight  bags,  or  mission-oriented  equipment  carried 
onboard  by  passengers  — e.g.,  tool  kits,  ammunition 
boxes,  and  weapons. 


13-4.1.1  Cargo  Compartment  layout 
, — The  basic  envelope  dimensions  of  the  cargo  com- 

\ pertinent  are  established  early  in  the  preliminary 
. J design  process.  The  detsii  designer  must  keep  the 
\ various  helicopter  structural  and  mechanical  com- 
\oouenls  from  intruding  into  this  envelops  u the 
Nmign  develops.  Compartment  walls  and  ceilings 


must  remain  unobstructed;  even  a minor  protrusion 
can  decrease  the  usable  cargo  volume  considerably. 
Any  structures  or  components  which  project  un- 
avoidably into  the  comportment  must  be  marked 
conspicuously.  In  all  cares,  the  protruding  com- 
ponent must  be  suitably  protected  against  impact 
from  cargo  and  vehicles. 

With  the  overall  dimensions  of  the  cargo  floor  de- 
termined by  preliminary  design,  the  cargo  tiedown 
points  can  be  located.  These  points  must  be  arranged 
in  a basic  20-in.  grid  pattern.  Such  a grid  pattern  has 
been  standardized  internationally  (AFSC  DH  2-1) 
and  is  shown  in  Fig.  13-6. 

The  requirement  that  cargo  tiedown  fittings  be 
located  on  20-in.  centers  must  he  considered  early  in 
the  structural  design  process,  since  this  is  a major  fac- 
tor in  the  location  of  fuselage  frames  (see  Chapter 
11). 

Helicopters  which  have  the  capability  of  hauling 
vehicles  should  have  rtrengthened  treadway  areas  on 
the  floor,  located  to  coincide  with  the  wheel  locations 
of  all  Army  vehicles  which  might  oe  transported  by 
the  heiicopicr.  This  subject  is  uIbCumCu  in  Chapter 
11. 

The  mam  cargo  door  should  have  rn  aperture 
equal  to  the  size  of  the  cargo  compartment,  with  the 
door  siil  on  the  same  plane  as  the  floor.  Forwa.d  or 
aft  doors  should  open  dear  of  the  extended  wail  and 
ceiling  planes,  to  permit  straight-in  loading  of  the 
highest  load  which  will  fit  into  the  compartment.  In 
addition  to  the  main  door,  at  least  one  smaller,  secon- 
dary door  should  be  lociroa  at  inc  opposite  end  of 
the  cargo  compartment,  ;o  allow  access  when  the 
compartment  is  filled  with  cargo.  If  the  secondary 
door  r on  the  side  of  the  fuselage,  ii  snouio  be 
located  on  the  right-hand  side  of  the  helicopter  to 
facilitate  the  pilot's  surveillance  of  loading 
operations. 

If  required  for  a cargo  hoist  (Chapter  1 1 ),  a hatch 
at  least  30  in.  squate  should  be  located  on  the  center- 
line  of  the  floor,  at  the  approximate  location  of  the 
helicopter  CG. 

13-4.1  J Detail  Design 

The  cargo  floor  should  be  sufficiently  flat  and 
smooth  to  insure  that  boxes  and  fabric  containers  con 
be  slid  across  the  floor  without  being  snagged  or 
damaged.  Tiedown  fittings,  floor  panel  fasteners,  and 
seat/litter  anchor  studs  must  be  flush  with  or  recessed 
below  floor  level.  Tiedown  rings  which  cannot  be  in- 
stalled flush  wiib  the  floor  must  be  made  removable 
when  in  use.  Since  they  piescnt  s storage  problem 
and  gnu*  cl  inconvenience,  removable  tiedown 
rings  should  be  consicteed  only  as  a last  resort. 
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EXAMPLE  - TYPICAL  CARGO  FLOOR  LAYOUT 
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SECTION  A-A 


A"  FITTING 


ROTATED  90° 

1.  IF  C<'-5,  "A"  FITTINGS  MAY  BE 
ELIMINATED. 

2.  IF  15<C<20.  * * A"  FITTINGS  SHALL  BE 
LOCATFX)  1.5  INBOARD  FROM  INTERSECTION 
Of  FLOOR  AND  FRAME. 

3.  IF  OS),  * * A*'  FITT  INGS  SHALL  BE 
LOCATED  20  OUTBOARD  OF  SEAT  LEG 
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DETAIL  B 

LATERAL  GRID  PATTERN  DEVELOPMENT  BE- 
TWEB'I  LONGITUDINAL  LINE  OF  SEAT  LEG  FITTINGS 

• 5000  POUND  FITTING  LOCATED  BY  PLACEMENT 
OF  TROOP  SEAT  LEGS 

O 5000  POUND  FITTING  LOCATED  BY  LATERAL 
PATTERN  DEVELOPMENT  PER  DETAIL  B 

* 10.000  POUND  FITTING  LOCATED  FROM  VIEW  A-A 
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Provision  must  be  made  for  the  inevitable  damage 
which  will  occur  occasionally  to  the  Root  during 
loading  operations.  The  floor  should  be  divided  into 
panda  that  can  bn  replaced  readily  during  organi- 
zational maintenance.  If  it  is  not  possible  to  make  the 
load-bearing  floor  structure  removable,  then  it 
should  be  protected  from  minor  damage  by  replace- 
able covers.  The  floor  should  be  mute  as  stiff  and 
puncture-resistant  as  possible,  consistent  with  weight 
limitations.  Material  selection  should  oe  based  on 
considerations  of  weight,  stiffness,  and  resistance  to 
corrosion,  fire,  moisture,  and  abrasion.  Because  of 
the  relatively  frequent  replacement  of  floor  par'd*, 
cost  also  is  significant 

Because  of  the  abrasive  wear  and  saw  en- 
vironment to  which  the  floor  is  subjected,  t he 
designer  should  pey  particular  attention  to  the  poten- 
tial  effects  of  oonrodon.  Dissimilar  metal  joints  in  the 
vicinity  of  the  tiedown  fittings  should  be  designed 
carjfuliy,  especial!)  when  the  faying  surf  vai  arc  sub- 
ject to  relative  movameat  The  use  of  migntsitun  is 
not  (ocomnwaded  for  awgo  floor  cmpeReste  of  tao- 
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t iritabfy  protected,  and  shielded  from  any  abrasion 
k which  cculd  destroy  the  protective  coating.  If  com- 
*/  perils  [«wli  are  used  for  the  flooring,  the  core 
materia!  must  be  highly  resin  nut  to  water  migration 
and  fuofu*  attack. 

The  floor  should  be  covwv*  with  a noaaiip 
material,  such  as  the  Type  III  matting  described  in 
MiL-W-5044,  to  provide  good  footing  far  pereonnd 
end  good  traction  for  vehicles.  The  cargo  eom- 
partiomt  walk  and  ceding  should  be  lined  with  pro- 
toctive  patKh'«g.  This  material  should  be  m.  light  as 
powible  «nd  should  serve  to  protect  the  fuselage 
structure  from  minor  damage  and  wear,  fu>  nah  son., 
thsr.nal  and  sound  insulation,  sad  provide  a smooth, 
mg-free  wall.  A commercially  available  Fibcrglas- 
reiuforoetk  laminated  shed  liiuterial  is  used  wide!)  as 
a cargo  compartment  liner.  The  thin  material  is  con- 
str bidet,  of  paralki  glass  fibers  bonded  together  it.  s 
cross-ply  construction  with  epoxy  tain.  For  ad- 
ditional insulation,  Pibargia*  batting  material  can  be 
installed  between  the  inner  compartment  liner  and 
the  helicopter  skin. 

Al!  materials  used  for  constructing  and  lining  the 
caigo  compartment  must  be  fire-rcrietant.  Any  cargo 
cumpartmeat  which  is  not  acceaubfe.  in  flight  must 
have  a fire  detected  and  remotely  controlled  fire  ex- 
— tinguiabing  equipment.  In  any  esse,  a means  should 
\ be  provided  to  seal  off  the  cockpit  from  smoke  and 
J fumes  originating  in  the  cargo  compartment. 

Flight  control*,  critical  machankal  components, 
end  critical  wiring  and  plumbing  must  not  enter  the 


cargo  compartment.  Any  such  components  locate' 
immediately  adjacent  to  the  wall  of  the  cargo  com- 
partment must  be  sLieided  properly  to  guard  against 
the  possibility  that  shifting  cargo  could  deform  the 
well  locally  and  jam  the  controls  or  damage  the  com- 
ponents. 

13-4.1  J Landing  AMs 

The  detail  design  of  the  cargo  compartment  must 
include  provisions  for  the  handling  of  cargo  during 
loading  and  stowage.  The  utility  value  of  the 
helicopter  will  be  affected  greatly  by  the  attention  this 
uea  receives  from  the.  detail  designer. 

If  cargo  transport  is  one  of  the  prime  missions  of 
the  helicopter,  an  integral  loading  ramp  is  a necessity. 
This  ramp  should  be  at  least  equal  in  width  to  the 
cargo  compartment  floor,  and  should  provide  a con- 
tinuous. smooth  surface  over  this  width,  although  it 
may  be  segmented  into  left  rod  right  halves  for  better 
conformance  to  rough  terrain.  It  shoo'd  hav-r  the 
capability  of  being  adjusted  to  and  locked  at  any 
bright  within  the  wider,  possible  limits.  Measured 
(rent  its  pbstlkn  when  deployed  on  level  ground,  a 
minimum  range  of  travel  of  -10  in.  to  * 50  in.  is 
recommended.  The  slope  of  the  ramp  when  deployed 
on  level  ground  should  not  exceed  13  deg.  Allowance 
should  be  made  for  changer  in  helicopter  floor  height 
during  loading.  Jacks  supporting  the  helicopter 
weight  will  eliminate  such  settling,  but  at  the  cost  of 
conskteranie  weight.  Alternatively,  a io&d  limiter  (tee 
Chapter  1 1)  should  be  incorporated  into  the  ramp  ac- 
tuating mechanism,  to  allow  the  ramp  to  move  up- 
ward as  required  when  the  helicopter  settles  under 
load.  Without  such  a load  limit™  installed,  tbs  ramp 
actuator  and  it  , supporting  structure  must  be 
designed  to  support  the  weight  of  the  loaded  heli- 
copter. 

Cargo  helicopter*  must  have  power-operated 
ramps.  Power  for  operating  the  ramp  and  associated 
dc"*s  must  he  of  a type  available  from  ground  power 
units.  Light  observation  and  utility  helicopters  may 
use  manually  position  ud  ramps  that  can  be  remotely 
stored  within  th_  cargo  compartment.  Rear  entrance 
ramps  murt  be  deployable  in  flight.  Any  doors 
operating  in  conjunction  wftb  these  ramps  must  be 
capable  of  bring  opened  in  flight;  alternatively,  such 
doors  may  be  removable  on  the  ground,  with  their 
absence  having  no  effect  on  structural  integrity  or 
flight  characteristics. 

The  ramps  should  be  strong  enough  to  permit 
loading  of  the  bea/iest  anticipated  vehicular  load, 
with  only  one  comer  of  Che  ramp  contacting  the 
ground.  The  ramp  may  be  »treagth«ned  locally  to 
provide  tresdway  areas  at  icari  equal  in  width  and 
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strength  to  the  Headways  within  the  cargo  compart- 
meat.  It  £a  deairabte,  however,  that  the  entire  ran.p 
have  a uniform  bearing  strength,  equal  to  that  of  the 
cwnparMicat  Headways.  Ramp  edges  and  doer  sills 
must  be  designed  to  withstood  the  *o\ye  loaliied 
impact  loadings  encountered  in  cargo  operation*.  I.e 
the  absence  of  more  tpejctfic  design  criteria,  the  ramp 
edges,  door  alls,  and  vertical  door  frames  should  bs 
designed  to  sustain  without  damage  a single  random- 
ly loc.  load  equal  tc  the  weight  of  the  heaviest 
single  item  to  be  loaded,  the  lea#  bdng  applied  to  the 
structure  through  a 1-in,  radius  sphere. 

Ramp  extensions,  if  necessary,  should  conform  tc 
the  strength  requirements  of  the  integral  ramp  and 
compartment  t readway.  Extensions  should  have  s 
continuous  width  equal  to  that  of  the  ramp.  If  this  is 
not  possible,  the  more  narrow  individual  ramp  exten- 
sions should  be  made  reversible,  with  a sr.iooth  sur- 
face on  one  side  for  cargo  loading  and  side  flanges  on 
the  opposite  side  for  guidance  of  wheeled  vehicles. 

A winch  should  be  provided  for  the  purpose  of 
loading  and  unloading  cargo  from  cargo  helicopters. 
Although  the  winch  should  be  located  at  the  forward 
cad  sf  the  cargo  compartment,  it  may  be  located 
elsewhere  provided  that  a suitable  combination  of 
blocks  and  pulleys  can  be  arranged  to  guide  the 
winch  cable.  As  a minimum  requirement,  the  winch 
should  be  capable  of  both  pulling  cargo  on  board  and 
extracting  cargo  from  the  compartment  to  the  ramp. 
Reversal  of  direction  of  pull  can  be  accomplished  by 
rerigging  the  winch  cable  over  snatch  blocks  located 
on  the  ramp.  Snatch  blocks  that  can  be  attached  to 
cargo  tiedown  fittings  will  greatly  improve  the  flexi- 
bility and  utility  r«  use  winch  in  shifting  cargo  w.thin 
the  compare />cttt.  VI  necessary  blocks  and  pulleys 
mutt  be  pre  vsded  ax  part  of  the  bwsc  eq  uipment  of 
the  helicopter,  and  provisions  for  their  mounting  Bird 
storage  mutt  be  included. 

A dwrabte,  but  nciBcsaentiil,  sccon^ry  mode  of 
operation  for  the  winch  is  a*  a hoist  within  the  cargo 
compartment,  with  the  cable  rigged  over  a ceiling- 
mounted  pulley.  If  a floor  h*tch  is  available,  the 
cargo  winch  can  be  used  to  s limited  degree  as  an 
extataa!  load  hoist  Howevw,  the  designer  should 
consider  the  rouflicung  requirements  which  this 
soplication  impcvB  upon  the  cargo  A*adb.  A winch 
used  only  for  «-  *.  handling  need  no',  have  high- 
speed capability.  Thus,  although  iottee  levels  ait  quite 
high,  the  low  cabic  spend  tcods  U<  minimise  power 
requiromcnU,  sue,  sad  weight.  On  the  other  hand,  svi 
adorns!  load  hoar: , tc  he  of  any  value,  raqutrec  a ai*0t 
raehio  rati!  uodt;  -J&,  a*  well  as  a rapid  deployovmi 
rate  and  such  features  as  a high-capacity  braid  and 
pyrotechnic  cabic  cutters. 


The  minimum  usable  cable  length  must  be  that 
required  to  retrieve  a load  which  is  20  ft  beyond  the 
aft -most  part  of  the  helicopter  (the  tail  rotor  disk,  or, 
in  i*»e  case  of  the  undent-rotor  hahonpter,  the  aft 
main  rotor  tip).  The  winch  system  should  have  suf- 
ficient capability  to  haul  a flat-bottomed  package  of  a 
weight  equal  to  the  maximum  payload  up  to  the 
loading  ramp  and  into  the  cargo  compartment.  On 
the  assumption  that  the  package  h to  metal  skids, 
and  the  ramp  b deployed  on  level  ground,  the  use  of 
snatch  blocks  and  multiple  purchase  cable  ar- 
rangements is  recommended  to  achieve  this  maxi- 
mum load  capability,  since  a winch  with  a straight- 
pull  capacity  of  such  magnitude  would  be  prohibi- 
tively targe.  The  coefficients  of  friction  shown  in 
Tabic  13-1  should  be  used  when  determining  winch 
capacity. 


The  selection  of  a power  wura  far  the  cargo  winch 
should  take  into  consideration  the  Diet  that  loading 
operations  usually  are  conducted  with  the  helicoptai 
main  power  plant  shut  down,  and  power  is  supplied 
by  either  the  onboard  suuuOiaiy  power  unit  or  a 
ground  electrical  power  cart.  Control  of  the  winch 
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long  enough  to  permit  the  wincsz  operator  to  move 
throughout  the  cargo  compartment  e^.1  ramp. 


Table  13-2  lists  the  various  tiedown  devices  which 


may  be  used  to  secure  cargo  within  Army  heli- 
copters. Floor  tiedown  fittings  must  be  corapntibie 
with  nil  these  devices.  Provisions  must  be  made  for 
the  storage  of  an  appropriate  number  of  time  de- 
vices within  the  cargo  compartment. 


13-4J  EXTERNAL  CARGO 

Th  ooco-novef  practice  of  carrying  cargo  loadt  ex- 
tern®. !y  frost  « brijagpiiw  na»  wviiw  iww 

a standard  operat'd®  procedure,  especially  in  com- 
bat opersC'MA.  In  taany  cares,  the  cargo  is  shut- 


TABLE  13-1.  I’.OSFIlCffcHirS  OF  FKICHOW 


r ■“  

MATERIAL 

COEFFICIENT 
OF  1 XICTRHI 

ncor.  SKtos  ex  ants-swo  flooring 

0*0 

rote  on  soon 

(Ui  TO  0.10 

W000  OH  METAL 

o.zo  to  aso 

Sf.TAL  ON  METAL 

O.ISTO0JO 

TRACKED  VEHICLES 

o.a 

CREASED  SURFACES 

O.Bj  TO  &0t 

WHEELED  VEHICLES 

0.03 
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TABLE  13-2.  STANDARD  CARGO 
TIEDOWN  DEVICES 


DEVICE 

SIZE,  ft 

... 

TYPE 

RATING, 

lb 

SPECIF  ICAVION 

NET.  STEEL  CABIE 

9X9 

A-2 

10,000 

HIL-T-9166 

NET,  Vff.BING 

15X15 

HA-2 

10.000 

II 

NET.  ((EBBING 

ISA20 

HA-3 

10.000 

II 

CHAIN,  TIE00NN 

9 

C-2 

10,000 

KH.-T-6480 

CHAIM , T IED0WN 

9 

MB-; 

10,000 

HIL-T-25959 

S1RA,J  .TIEDOWN 

55 

nc-i 

5,000 

MIL-V-Mt?  | 

STRAP.  TlEDOBN 

15 

A-1A 

5.000 

IIIL-T-7U1  , 

STRAP . TIEOOSN 

20 

Gcu-i/e 

5,000 

MIL -T-2  7260  | 

loaded  from  a helicopter  even  though  it  could  easily 
fit  inside  the  cargo  compartment  of  the  ratae  heli- 
copter. Numerous  advantage*  to  this  method: 

1.  The  helicopter  need  not  land,  either  to  pick  up 
os  to  remsss  its  cargo. 

2.  Loading  time  is  minimized  for  the  hookup,  and 
unloading  is  nearly  instantaneous.  This  reduces  ex- 
posure to  hostile  fire. 

3.  Oversize  cargo  can  be  carried. 

4.  When  using  single-point  tuqpainte,  loading 
and  unloading  have  little  or  no  effect  on  longitudinal 
CG  position,  and  therefore  recomputa^vn  of  CG 
location  is  not  required 

3.  Cargo  can  be  jettiaonod  to  lighten  the  heli- 
copter kind  prior  to  an  emargaacy  landing. 

Gcssrelly,  external  cargo  suspension  configutu- 
tioos  can  be  classified  by  the  ci*mber  of  points 
through  which  the  hied  it  attnebert  to  the  hcbcoptcr. 
•jagjb-svna,,  two-point,  and  four-point  «u*pen*  »«s 
comprise  the  Ui^u  mcjjtity  of  fnats«h>rions  'see  Fig. 
13-7)  While  three-point  ofSer  some  ad- 

vantagH,  they  have  seldom  been  used  heawis  of  t 5»* 
maevailebtliity  of  csntarlioe  hard  points  on  existing 
helicopters,  a&d  because  few  iuna *,  with  ihe  notst/'e 
exwoptkrc.  of  artillery  frames,  arc  ccafigurr.d  fot  three- 
pesnt  pickup. 

Iu  addition  to  the  danusioa  that  follows,  design 
guidance  for  external  bad  syneow  » provided  by 
Ref.  7. 

Siagkvpciat  stw^asiem  arc  by  far  the  sis»pl®H 
means  of  carryisst  carg  s.  look  cargo  can  be  carried 
in  a net  or  on  a pellet,  with  a minimum  of  prepa- 
ration. There  is  no  aasd  to  pack  and  secure  the  cargo 
carefully  using  high  restraint  factors  as  in  the  case 
with  loads  curried  vithin  the  cargo  compartment. 
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Finn  13-7.  External!  Smptr^tei,  Basic 
Ceeftanratim 


Most  tight  bebcoptm  and  certain  early  cugo 
models  achieve  skgf#-|Kiisit  capability  by  using  a 
short  four-mamber  ding,  the  hp  of  which  are 
anchored  to  sa  apt*  biluw  tlte  CG  of  the  baa  copier. 
The  cargo  is  euep&sded  frisan  this  tpsw.  While  this  ar- 
rangement wrvw  to  n^nad  the  lot  J into  the  aL- 
framc,  allowing  retiwsisd  ttructtial  ww®!tt,  it  has  toe 
undesirable  side  wi'w . of  swim  the  suspension 
point  too  far  bekrw  Ik  CG,  with  the  rwuh  shown  in 
rig.  ij-biA). 

As  the  load  owing*  Uxendly  and  toaghudinaBy,  the 
vmjfrJ.  vector  pivot*  .t  the  sniri^eaaion  point  at 
tits  apes,  imposing  sul.ittaatiail  upetti«g.  momenta 
tspt'K  tht  hafioopter  as  it  dcwnvu  widely  from  the 
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location  of  the  CO  (Ref.  I).  Th*  solution  to  this  un- 
stable situation  it  to  rmiar  tbt  suspension  point  to  n 
location  m dont  at  possible  to  the  CO  of  tbs  empty 
helicopter  TO*  can  bt  done  by  physically  ro- 
arraagiitg  tbt  structure  at  shown  in  Fig.  154(B). 

For  neat  catat,  inciadheg  witting  hehcoptere,  it  it 
men  feasible  to  create  t virtual  suspentioo  point  by 
aacborinf  the  cargo  boob  or  peodant  upon  a linkage 
(Fig.  154(C))  or  a trolley  running  on  a curved  track, 
which  allow*  tbt  pendant  to  move  as  though  it  were 
pivoting  about  a point  near  the  CO  (Fig.  154(D)). 

The  major  difftcuttire  with  tingle-point  suspen- 
sion* arias  from  the  fact  that  the  suspension  can  pro- 
vide only  staple  pendular  stability  to  the  load,  and 
caaaot  provide  any  restraint  or  stability  in  yaw  or 
pitch.  An  auxiliary  line  connecting  the  load  to  the 
helicopter  would  provide  pitch  and  yaw  restraint; 
however,  this  ttooad  Uae  cannot  be  weed  because  it 
would  comprise  the  emergency  release  capability  and 
possibly  impose  uaooatroUabk  moments  upon  the 
helicopter  (Ref.  9).  Thus,  the  only  means  of  pro- 
viding stability  to  a singjlo-point  load  it  by  using  the 
aerodynamic  forme  generated  by  forward  flight.  A 
drone  parachute  •** — *— * to  the  twiliw*  end  of  a 
cargo  load  can  provide  the  nete—ury  restoring  mo- 
nmt  to  keep  an  other  wise  unstable  load  aligned  with 
the  direction  of  flight.  However,  the  drogue  tcocs  its 
eftset  at  ve^  low  spesds  and  in  hovering  flight,  where 
rater  dottuwash  can  apply  ooeskiorabfe  rotational 
forces  on  cartsin  types  of  toads. 

There  is  one  type  of  eiagfa-potnt  suspension  which 
offers  a liaaited  amount  of  incidental  yaw  restraint.  If 
a booh  i>  rigidly  mounted  to  the  airframe  at  the  sue- 
pxiwfot*  point,  if  the  load  b suependad  by  a short 

awhileg  stag  with  a ring  at  its  apex,  the  ring  inter- 

with  thv  hotm  iu  jNvtnuv  fVMKanue  ki  ivausg. 

Loud  yawing  snomeats  teed  to  wind  up  the  shag, 
which  resists  this  windup  wish  a lorqtu  proportional 
to  yaw  angle.  The  hook  and  its  supporting  structure 
mum  he  add  quaff  to  cany  this  dong  windup  torque. 

Symmetrise!  high  ds nasty  londr.  esa  be  allowed  to 
rotate  if  each  rotation  haa  only  a minor  effect  on  heli- 
aopter  flykg  quoMtta.  Provision  msnt  be  made  for 
tide  rotatmn;  a tend  muel  be  manned  between  the 
hoah  and  the  pendant  to  protect  the  pendant  from 
damage  due  to  eieseaive  twisting. 

The  two  point  suspenetai  providas  the  yew  end 
pitch  stability  which  dngla  point  cenpneeioe  lacks. 
The  directional  (yaw)  metering  mneeste  N of  e two* 
point  wHpaneion,  aa  c (taction  of  length,  is 


N - - ,ft-lt/dqg  (15-1) 

57,51 


where 

IF  - weight  of  external  load,  lb 

x m distance  between  suspension  attach  points, 
ft 

L - length  of  suspension,  ft 

It  can  be  seen  that  shooter  suspension  cables 
generate  a greater  restoring  moment  and  mult  in  a 
more  stable  load  and  higher  allowable  airspeeds. 

Pitch  restraint  is  provided  by  the  tandtaa  type  of  two- 
point  suspensions,  with  the  distance  between  the  heli- 
copter attachment  points  determining  whether  the 
load  pitches  up,  remains  level,  or  pitches  down  as 
aerodynamic  dreg  swings  it  aft  during  flight.  To 
avoid  having  a low -density  load  “fly”  up  into  the 
helicopter  due  to  a drag-induced  pitchup,  it  is  de- 
sirable to  have  the  load  attachment  points  spaced 
farther  apart  than  the  helicopter  attachment  points. 

Laterally  disposed  two-point  suspensions  do  not 
provide  any  pitch  restraint,  hut  do  offer  some  roll 
restraint  as  well  as  yaw  restraining  torque. 

Four-point  suspensions  provide  simultaneous  re-  A 
straint  in  pitch  and  roU,  and  provide  a slightly  mere  mm 
effective  yaw  restoring  moment  N,  as  expressed  by  Jr 
Eq  !5-2  (Ref.  10). 

N " -^jP'  ,ft'te/d*  (,M) 

r 

where 

x * longitudinal  distance  between  cable  attach 
points,  ft 

y - lateral  distance  between  cable  attach 
points,  ft 

A four-point  suspension  is  compatible  with  most 
vehicular  and  containerized  loads,  and  permits 
relatively  high-speed  flight  with  such  loads  slung 
does  to  the  fuselage.  The  four-point  suspfuuca  lay- 
out, however,  has  a number  of  inherent  problem 
amis,  some  of  which  era  unique  and  souse  of  which 
are  shared  to  a leaser  degree  by  the  two-point  suspen- 
sion. 

Emergear a release  of  multipoint  suspensions  re- 
quire* simultaneous  jettison  of  ail  cables  with  a high 
degree  of  .eh  ability.  If  hoists  tie  focorporased  at  the 
suspension  points,  these  hoists  must  be  syn- 
chronised. The  presence  of  two  or  snore  attachment 
points,  while  providing  stability  to  the  cargo,  pro- 
- vides  a load  path  through  which  potentially  uaoon- 
tradaUe  moments  could  be  applied  to  the  bebcupter. 
Honking  up  multipoint  suspension*  to  a hovering 
hdscopter  can  be  difficult.  The  operation  is  dan- 
gerous because  of  the  possibility  of  picking  up  a par- 
tially unhooked  load  and  sending  the  hefoopter  out 
of  control  The  problem  of  indsteresiuaie  structural 
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performance  is  unique  to  the  four-point  suspension. 
Prof  r analysis  of  this  redundant  structure  requires 
consideration  of  both  payload  and  helicopter  struc- 
tural stiffness,  a well  at  sling  mctnba  elasticity  (Ref. 
I IX 

la  tbs  practical  application  of  a four-point  suspen- 
sion. it  baa  bean  found  necMary  to  incorporate  a load 
trimming  system  to  equalise  forces  to  the  four  cables. 
Without  sudi  a system,  (king  of  the  fuselage  and  the 
payload  in  flight  is  likely  to  load  some  cables  while 
causing  others  to  go  slack.  An  automatic  takeup  de- 
vice designed  to  alleviate  this  problem  is  likdy  to  be 
complex  and  expensive,  but  may  be  a necessity  in 
future  bebooptcri  using  four-point  suspensions. 

To  determine  the  location  and  capacity  of  the  sus- 
pension points  for  any  new  bebcoptor,  the  designer 
must  have  some  knowledge  of  the  type  of  loads  to  be 
carried.  Refs.  0, 10,  anr'  12  list,  among  hem,  most  of 
the  Army  equipment  and  vehicles  which  can  be  sling- 
loaded.  Weights  and  dimensions  are  provided.  Army 
aircraft  are  included  in  the  listed  toads  because  of  the 
frequent  use  of  bsboopters  for  aerial  recovery  of  air- 
craft from  otherwise  inacouuibk  forced  lundto;  rites 

1HI!  Ststk  Leads 

The  rated  capacity  of  the  external  load  suspect  iron 
system  it  established  by  preliminary  design  and  flight 
teats.  AD  components  of  the  suspension  system 
should  be  designed  uniformly  for  this  rated  load.  The 
rated  load  must  be  muKipiiod  by  a limit  flight  load 
factor  of  2.5.  with  a safety  factor  of  1.5  applied  to 
give  an  ultimate  design  load  factor  of  3.75.  The  at- 
taching structure  must  be  capable  of  sustaining  this 
tension  load  applied  in  any  direction  within  30  deg  of 
vertical.  Relief  xhh  the  39-drg  requirement  can  be 
obtained  if  it  • br  shown  that  with  the  limit  flight 
load  applied  at  tame  lamer  snglt.  the  limits  of  control 
capability  are  reached.  If  grosinl  vehicle  towing 
('stability  is  desired,  the  suspension  must  be  analyzed 
for  the  maximum  towing  force  times  the  ultimate 
safety  factor  of  1.5,  applied  at  the  extreme  aftward 
towing  angle,  as  cstabiiehed  by  preliminary  design. 
Maximum  towing  force  will  be  determined  by  pitch 
angle  uk  control  power  limits,  when  the  load  ion  of 
the  cable  attach  mat  point  is  known. 

IUU  Dynamic  Leads 

A phenomenon  known  as  vertical  bounce  can  oc- 
cur whan  a helicopter  it  carrying  an  external  load  sus- 
pended from  a shag  or  a pendant.  It  is  a divergent 
vertical  oacillwtien  of  the  airframc/curgo  system 
caused  by  reason snoe  of  the  coupled  airframe/cargo 
natural  frequency  with  the  one  pu-rev  (IP)  vi- 
bration frequency  of  the  helicopter,  flus  is  shown 


echmatkaily  in  Pig.  13-9. 

Thin  uayificd  diagram  makes  no  attempt  to 
rapt  ssrat  tbs  fnestogfc  ammrwl  hading  taodw;  both 
the  haheoptar  and  the  cargo  are  treaded  as  rigid 


The  natural  frequency  t»  of  this  nmgmtat  is 


(13-3) 


when 

K - epriag  rate  of  wpenefoa.  fc/R 
Uh  - turn  of  heheoptac.  ehtg 
UL  • mass  ofmterad  load,  ring 
Experience  has  shown  that,  when  this  natural 
frequency  reaches  dose  proximity  to  the  IP  saaia 
rotor  frequency.  vortical  bounce  will  occur.  He 
lower  practical  threshold  of  vortical  bounce  has  been 
defined  m approximately  0.6  times  the  IP  frequency 
(Ref.*). 

With  presently  used  shag  maferiah  and  typical 
load  weights,  vortical  bounce  ban  bean  encountered  in 
degrees  ranging  from  mild  craw  dieoowifort  to  po- 
tentially fleetrnctiva  divergent  airframe  reeponsr  The 
ir.itdsr  cssss  usually  sst  tbs  rssuh  of  ggosiSag  tbs 
town  threshold  frequency  with  the  caajbhmtina  of  c 
■tiff  tfing  and  a rotouvdy  light  load.  The  more  serious 
divergent  cam  occur  when  the  owtursl  frequency  h 
taken  tooctoeetothe  IP  frequency  with  a suspended 
toed  weighing  does  to  the  empty  weight  of  he  huh- 
copter. 


IP  FORCING  FUNCTION 


Figure  1 3-*.  ttehcnpSer/Laoi  By— da  Srimnwc* 
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On  the  mum^iicn  that  helicopter  empty  weight 
and  main  rotor  spaed  ut  invariable,  and  that  the 
hsiteoptar  is  capable  of  carrying  its  rated  payload  ax 
taraally,  tht  only  way  that  divergent  vertical  ot- 
riflatkias  can  be  avoided  is  by  controlling  the  stiffness 
K to  keep  the  suspension  system  frequency  below 
both  the  IP  frequency  and  the  frisoUgc  first  bending 
mode. 

If  the  characteristics  of  individual  cargo  loads  are 
known,  it  is  possible  to  control  the  stiffness  K by 
tailoring  the  sling  design  to  Sr-  load,  by  manipu- 
lating sling  geometry  (length),  material,  and  cross- 
sectional  area.  This  has  been  done  for  some  existing 
bsHoopter  load  combination*  by  preparing  curves  of 
minimum  sling  length  versus  lord  for  vori<>us  sua- 
paaaioa  geometries  and  sling  webbing  thicknesses 
(Ref.  13).  Where  suspension  length  is  variable  in 
flight  by  the  use  of  a winch,  the  stiffness  of  the  system 
can  be  decreased  by  reding  out  more  cable  whenever 
the  onaet  of  vertical  bounce  is  detected. 

A more  aatis&aory  solution  to  the  problem  of  di- 
vergent ertical  oscillation  is  available  to  the  de- 
signer (Ref.  14)  This  solution  is  to  control  the  stiff- 
ees  by  inserting  into  the  suspenses  system  a Seed 
isolator  having  a soil  spring  rate;  taking  advantage  of 
the  fact  that,  when  two  springs  are  connected  in 
series,  the  total  spring  rate  if  of  the  conbiostiM  is 
always  lass  than  the  atiffhus  of  either  spring,  in  the 
proportion 

* ' ITT " ,,w* 

•iew 

Jf|  '-spring  rate  of  first  spring,  tb/ft 

K2~  - spring  rate  ef  seoood  spring,  fc/ft 
Tims,  if  the  Bond  ieotetor  by  iusnftf  has  a wiffnew  such 
tkeS  the  external  load  frequency  is  always  below  the 
MX  IP  threshold  frequency,  raeonanee  with  IP  fre- 
quency and  oonplaug  wish  first  fuselage  bendiqg 
mods  always  wfll  he  avoided,  ragardfosa  of  the  sus- 
pmasca  shag  stiffness 

If  n steeple  spring  is  esaptoyed  ns  n load  isointer,  the 
spuing  rate  (stifihms)  asusl  be  so ft  enough  to  handle 
the  Mghtest  tend  eombimwt  with  the  stsftbtt  sting.  A 
spring  type  teidator  daaigmd  to  meat  this  require- 
ment probebly  wifl  tshte  n«nw»  deflsoion  when 
tended  with  dte  mswhnncs  cargo  lend  (tanas  the  limit 
tend  factor).  The  non  scfdswUceted  type  of  bud 
iaatetan  ate  design*  1 to  ham  a variable  stiffness  that 
jaewenes  with  teed.  «a  each  a psepartteu  as  to  mtm- 
tain  a eeeriy  onnetsns  snspeasinn  qma  natural  fre- 
qnnuty. 


These  nonlinear  load  isolators  can  be  baaed  on  air 
springs  or  liquid  springs,  although  studies  have 
shown  hydropneumatic  load  isolators  to  be  generally 
superior  (Ref.  11).  Such  an  isolator  usually  is  As- 
signed as  an  air-oil  cylinder,  with  a volume  of  eons- 
pressed  air  providing  the  spring  rate,  and  tht  oil  pro- 
viding damping  and  *l-o  a means  of  varying  the  air 
volume  to  change  stiffness.  When  the  applied  load  is 
increased,  an  increased  quantity  of  hydraulic  fluid  ia 
metered  into  the  cylinder  by  a servo  valve.  Pro- 
visions should  be  incorporated  to  absorb  the  recoil 
shock  resulting  from  an  inflight  load  release.  The 
load  limiter  also  provides  a convenient  mount  for  the 
placement  of  a cargo-weighing  load  cell. 

13-4X3  Winches  art  Heeku 

White  light  helicopters  may  be  able  to  ocoduct  ex- 
ternal load  operations  satisfactorily  with  a simple 
fixed  hook  and  pendant  or  multiteg  sling,  any  cargo 
helicopter  should  have  the  capability  of  hoisting  its 
maximum  rated  external  load  white  in  a hover.  This 
capability  makes  it  possible  to  retrieve  loads  from 
tight  iMta  where  rinse  havering  would  be  unsafe,  and 
also  enables  the  pilot  to  reel  in  loads  in  flight  to  mini- 
mise the  kind  of  pendulum  load  csdliations  which 
threaten  controllability  fRef.  IS). 

The  detail  design  of  winches  has  many  unique  as- 
pects which  are  beyond  the  realm  of  the  helicopter 
designer.  However,  the  designer  should  be  familiar 
with  the  geoeral  characteristics  required  so  that  in- 
telligent specifications  may  be  written.  Military  heh- 
copter*  used  for  combat  transport  must  have  a high- 
speed winch  capable  of  hoisting  the  maximum  ex- 
ternal load  at  a rate  of  at  least  60  Ipos.  With  lighter 

iuKue,  Speeds  in  «B88i  of  !w  fpua  mii  V*  j deSirSbig. 

A no-load  deployment  rate  of 300  fpan  or  more  would 
be  usafui  in  a combat  shunt  inn.  The  winch  spaed 
should  be  smoothly  variable  over  its  antirc  range  un- 
der load.  Adequate  braking  capacity  must  be  pro- 
vided, as  weill  sa  an  automatic  load  holder  to  lock  the 
wrinh  in  case  of  power  failure.  Hydraulic  power 
generally  is  usnd  far  high-capacity  aircraft  winches 
because  aircraft  electrical  motors  have  insufficient 
power.  Roth  dram  and  capstan  winches  arc  eahabte 
for  helicopter  application.  Stadias  have  shown  no 
ctear  advantage  for  cither  type,  when  all  impart*  of 
thsir  application  are  coamdsrad  (Rate.  10.  II.  and 
1*). 

The  urns  etudeu  have  costchnted  unman  ova  ly 
thou  with  the  present  state  of  the  art,  steal  wire  raps 
is  the  optimum  tessson  swasher.  Cubit  maun 
fitetwrm’  rare  asm  andutiam  should  be  to  Bowed  with 
rwpett  to  minnow  aflowabk  drum  and  sheave  din- 
carters  (400  times  wire  strand  diameter  nr  an  average 
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«f  IS  ten  eabts  4kmaua\  Manufacturers'  recom- 
—M  working  foods  aw  conssrvotive,  oa  the  other 
Insd,  and  tto  Mvmt  toould  MUbtkh  high  slkm- 
fUi  loath,  by  MM  if  fowttb.  Contemporary.  eMc- 
tzfoaly  operated  ba  /j  requite  a number  of  efectri- 
eai  aaabwlow  to  to  laid  within  tha  con  of  the  win 
•ape,  lo  to  wad  for  powering  I'm  hook- operating 
calm  aid  and  coaductiac  «anoas  indicator  gignak  It 
ia  aaoprtad  that  the  designs!  incorporate  several 
spam  +*m  within  tto  cable  ao  that  feme  spare  wires 
mm  to  rmnaarled  as  replacements  for  condiKtors 
total  daring  use. 

Cargo  hooks  meat  to  capable  of  releasing  by  elec- 
trical  command,  and  also  showk*  to  able  to  be  re- 
tested by  a backup  manual  autanical  system.  A 
groand  contact  tetoasa  fcatuso,  which  opene  the  hook 
wtoa  the  load  is  rebnsad,  also  is  desirable.  On  singie- 
pokst  saapnariuna.  a swivel  must  to  provided  to  iso- 
late the  hoist  cable  from  load  rotation.  If  an  eiccth- 
aftg  operated  hook  ia  need,  electrical  continuity  must 
to  maintained  through  tide  swivel  joint,  using  well- 
waled  slip  rings 

The  mpiwwBBO  for  winrtoe  and  hooks  generally 
an  Nailer  — whether  m|h>,  two-,  or  four-point 
aspsh-m  sis  used.  Kook:  used  excivivdy  for 
msdripoiat  enepenaiows  do  not  require  t ivel  iso- 
lators. Fovr-pcint  suspension  book:  must  not  heve 
auSc  madc  rakees  under  mlixatioo  Wfoctoi  m mul- 
tipoint anepeaaiuas  mast  be  synchro ni»d,  either  by 
dirvet  nnthaincsl  uwersonaeKtifta  or  through  the  use 
of  comparator  servo  • octrois.  Multiple  winches  a!tm 
should  to  iadmdueity  wtaXswttsJtAe  to  permit  in- 
dsgwnrimt  tree  so  riuglo-po-st  Swtist*  and  to  otovitk  a 
meant  of  trimmvjnna  tnc  multipoint  load  in  flight. 

jtuj.tr  JU/uflNw m HgMn 

A fruit  tim  iiaatysirt  should  he  made  early  in  the 
dssigat  of  the  mlerenl  cargo  system  to  isolate  po- 
tantinl  hnwizt.  Certaia  foaturte  must  to  provided  on 
aM  oatcncal  MMpwRsfam  uyasems.  The  normal  rsMase 
oostrol,  which  may  tu  sbctrusal,  must  to  located  on 
Hrth  pilou."  cydte  misla.  In  addition,  an  ah- 
meetausmi  smear  of  load  rrteaae  should  be  pro- 
vMad  m a backup  to  the  a.vmol  niiasi  deviet.  An 
emu ageecy  tdunwt  coui^^i  asutJt  be  provided  Cor  the 
pitot.  Utis  ewheh.  separate  from  the  autttoi  atol 
mnawal  oant/ob  awes  tuner  MetststMu^us  jetti- 
ueaarg  of  the  cable  and  hook,  aittor  by  severity  tto 
oMd>)l  «r  ky  wholly  dedwckim;  tint  wind  dmaa  an 
that  the  fitting  b®d  strips  Am  estoi;  (tom  the  dm*. 

Two-point  euapeaatoac  should  iacwpooitl#  a 
fittwe  tenner  whirii  dnieets  the  parting  of  oat  cable 
and  (astaataaeiMsIy  mtansa  the  surviving  cable. 
Four  panel  Mpaduw.  is  order  to  to  maa-rated  for 


pessanger  pod  opat.dioae,  muet  have  a maans  of  pori- 
tiwly  locking  tto  pod  in  place  after  booting,  or  of 
placing  the  emergency  jettison  system  *c  a positively 
safe  configuration. 

Safety  of  pround-handUng  parsocaal  should  to  sn- 
haaced  by  providing  some  means  of  attennatiag 
static  electricity  discheige.  The  static  electrical  charge 
developed  by  a cargo  helicopter  hovering  in  dry  end 
dusty  conditions  has  taough  energy  to  incapacity 
an  individual  coming  in  contact  with  tto  suspended 
hook.  This  energy,  arcing  to  ground,  is  sufficing  to 
ignite  fuel  vapor  or  initiate  explosives  (Ref.  iT).  Twc 
techniques  am  available  for  the  summation  of  static 
charges:  active  discharge  (Ref.  II),  which  ums  o feigk- 
vofeags  generator  tc  null  any  toboopter  potential  de- 
tected by  aa  onboard  senior,  and  passive  discharge, 
which  drains  tto  capacitivaaBNrgy  to  ground  through 
a highly  rasistive  link,  at  a current  level  which  is  not 
injurious  and  usually  not  detectable.  Tto  Mtietivt 
link  can  to  incorporated  ia  a ground  handler’s  gaff 
book,  or  can  to  connected  in  aeries  with  the  sus- 
pension sling.  Set  pur.  7-9.3  for  additional  informa- 
tion. 
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144  LIST  OF  SYMBOLS 

Af  - p resen  tod  area 

Ay  “ vulnerable  ares 

AV(  « singly  vulnerable  ut*  of  component  i of  a 
system 

» singly  vulnerable  am  of  • system 

Fk\H  « conditional  kill  probability 

conditional  kill  probability  of  component  / 
of  a system 

14-1  INTRODUCTION 

As  described  in  Chapter  2.  AMCP  706-201.  and 
ADS-11,  the  concept  of  hebcoptar  survivability  is 
brood  and  complex.  However,  the  effects  of  arma- 
moat  end  proactive  eaterwlB  can  be  evaluated  in 
) terms  of  three  basic  means  of  coping  with  s hostile 
environment  ( vhether  the  hostility  is  man-made  or 
natural): 

1.  Avoiding  it 
2 Neutralizing  it 
3.  Enduring  it. 

Avoidance  places  emphasis  upon  vehsur  perform- 
ance. To  avoid  a specific  environment,  a helicopter 
requires  the  ability  to  fly  above  it,  or  around  it,  or  to 
outrun  it.  Armor  and  armament  have  a negative 
effect  upon  this  aspect  of  survivability,  because  they 
add  weight  and  aerodynamic  drag. 

From  a military  standpoint,  neutralizing  the  en- 
vironment requires  destroying  the  source  of  hostility 
or  hazard,  or  otherwise  rendering  it  harmless.  This 
may  be  accompiiabed  by  strategics  or  tactics  that  do 
not  involve  the  system  being  protected.  However,  a 
capability  to  correct  a hostile  environment  may  be 
designed  into  the  system  itself  by  the  inclusion  of 
standoff  weapons  (armament)  or  counter  measures. 

Enduring  the  hostile  environment  places  emphasis 
upo  i such  areas  as  redundancy  and  separation, 
shielding  of  m sion-critict  components  with  struc- 
ture or  components  that  are  teas  critical,  concentra- 
tion of  critical  components  in  a tingle  place  within 
the  vehicle  core  in  erdur  to  decrease  the  total  am 
present'd  to  the  hazard,  and  addition  of  deadweight 
ptotauioa  such  as  armor. 

Amor  and  armament,  especially  the  latter,  must 
be  evaluated  in  contexts  other  than  survivability.  For 


attack  heUcoptart,  the  ability  to  survive  a hostile  en- 
vironment, although  essential  for  mission  com- 
pletion, is  not  in  itself  a true  measure  of  the  worth  of 
the  vehidoe*  armament.  In  other  words,  the  possible 
trade-offs  among  performance,  armor,  and  arma- 
ment always  affset  survivability,  but  also  may  involve 
direst  ly  such  other  primary  mimoa  variables  as  per- 
formance (see  Chapter  2,  AMCP  706-201). 

The  mqjor  tndsofh  will  have  been  performed 
prior  to  the  start  of  detail  design.  APhough  these 
trade-offs  should  be  updated  continuously  through- 
out the  design  process  as  more  compile  and  predee 
data  baeome  available,  a discussion  of  their  nature 
and  deecription  is  beyond  the  scope  of  this  chapter. 
However,  it  is  msentisl  that  the  design tr  retain  a con- 
lates*.  batanoed  approach  u>  tie  ovsraii  dim  of 
detail  design  daemons  regarding  location,  imtaUe- 
tion,  selection,  and  use  of  armament.  These  refotioa- 
shipe  are  subtle  and,  in  many  imtaacw.  are  difficult 
to  quantify.  As  a result,  much  of  the  material  con- 
tained in  this  chapter  is  qualitative,  with  specific  re- 
lationships being  included  only  in  instances  in  which 
general  physical  relationships  are  known. 

14-2  ARMAMENT  SYSTEMS 

Helicopter  nrmament  systems  typically  are  in- 
dividual installations  of  guns,  guided  missiles,  or  iree- 
flight  rockets.  The  niuaber  and  type  of  installations, 
and  the  mix  of  guns,  missiles,  or  rockets,  are 
described  by  the  governing  helicopter  detail  specifi- 
cation. This  chapter  contains  the  bux  helicopter 
design  guidelines,  cocsteterationa^aod  requirements 
that  apply  to  the  installation  of  armament  systems. 

142.1  GUNS 

Guns  of  the  number  and  cabbar  described  by  the 
governing  kettcoptsr  detail  specification  shelf  be  in- 
stalled in  the  required  positions.  An  ammunition 
supply  of  the  quantity  and  type  dictated  by  the  detail 
specification  staff  be  provided. 

144.1.1  Types 

Several  types  of  guns  are  available  for  bciiooptar 
use.  They  include  air-cooled,  gas-oparatad  7.62  non 
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weapons;  air-cooled,  automatic  20  mm  weapon*;  air- 
oooied  electrically-operated  and  controlled  30  mm 
automatic  cannon*,  and  air-cooled  weapon*  for  tiring 
40  tnm  grenade  ammunition.  Typical  guns  are  listed 
in  Table  14-1, 

Operational  and  maintenance  detail*  are  contained 
in  the  applicable  specification.  US  Army  Armament 
Command  (ARMCOM),  Rock  Island,  IU.,  can  pro- 
vide information  about  guns  not  listed  in  Table  14-1 
and  also  can  provide  operation  temperatures,  'ubri- 
catioa  requirements,  power  requirements,  peak  and 
steady-etate  recoil  forces,  life  of  gun  and  critical 
parts,  and  similar  pertinent  details  on  all  guns 
available  for  bebcopter  use. 

For  some  appbcatio  s,  the  gun  it  installed  on 
teooil  adapters.  This  installation  minimizes  the  effect 
of  gun  recoil  forces  upon  the  helicopter  structure.  In 
selecting  and  designing  recoil  adapters,  careful  con- 
sidarstion  should  be  given  to  gun  muxzk  energy;  gun 
weight,  including  attaching  feeder  and  drive  motor, 
end  the  response  dynamics  of  the  helicopter  struc- 
ture. ARMCOM  can  provide  the  latest  information 
on  those  requirements. 

Feed  mechanism*  for  these  weapons  vary,  and  esch 
type  presents  a apodal  set  of  design  problems.  In 
some  instances,  the  esunu-dtios  feed  must  start  from 
ram  and  must  reach  the  peak  rate  cf  fire  within  the 
time  required  for  the  firing  of  one  round.  This  im- 
poses high  acceleration  forces  upon  the  feed  train  end 
the  storage  containers. 

In  other  applications,  a feed  mechanism  is  used 
that  extracts  cartridges  from  a recycling  conveyor 
belt  The  integral  feeder  is  adapted  for  this  purpose 
by  replacing  the  leader  cover  with  special  link  guides. 
Tta  high  acceleration  foiom  imposed  upon  the  belt, 
and  cyclical  deviations  of  the  gun  from  a nominal 
rate  of  fire,  require  careful  design  of  the  ammunition 


feed  train  to  insure  equivalent  belt  tension  on  both 
sides  of  the  gun  feeder. 

in  other  cues,  the  feed  action  introduces  repeti- 
tive accelerations  upon  the  ammunition  belt  by 
requiring  the  belt  to  start,  move  one  cartridge  pitch 
distance,  then  return  to  rest  in  the  process  of  firing 
each  shot.  Sharp  turns  in  the  vicinity  of  the  feeder, 
and  belt  drag  conditions  that  will  cause  link  stretch 
under  these  conditions,  must  be  avoided. 

In  some  systems  an  ammunition  booster  will  need 
to  be  added  at  an  appropriate  location  in  the  ammu- 
nition path  r that  the  belt  pull  forces  are  alleviated. 
The  booster  commonly  is  driven  by  a fractional  HP 
motor  and  must  be  controlled  by  various  means  to 
sense  ammunition  demand.  Starting  and  stopping  ac- 
celerations must  be  controlled  so  that  feeding  will  be 
compatible  with  gun  demand  for  ammunition.  Care 
mutt  be  taken  to  prevent  obstructions  from  falling 
between  flexible  chute  element*. 


14*2.1.2  Lecattea 

Gun  location  is  part  of  the  overall  helicopter  opti- 
mization as  discussed  in  Chapter  2,  AMCP  706-201. 
There  are  minimum  requirements  imposed  by  the 
nature  of  the  weapon.  The  location  must  provide 
accessibility,  unimpeded  projectile  flight  paths  and 
debris  ejection  paths,  and  the  ability  to  jettison 
externally  mounted  gun  pods;  and  it  must  be  such 
that  the  vehicle  can  withstand  gun  muzzle  blast 
effects. 

Beyond  these  minimum  requirements,  the  degree 
of  optimization  must  be  related  to  the  overall  effec- 
tiveness criteria  used  in  evaluating  the  vehicle.  The 
trade-offs  will  involve  structural  and  geometrical 
limitations  arising  from  the  desire  to  optimize  cost 
end  flight  performance  ycnui  the  optimum  location 


TABLE  14.1.  TYPICAL  HELICOPTER  CUNS 


GUN  DESIGNATION 

CAUSER 

RATE  Of  RHC. 
apm 

METHOD  Of 
OPERATION 

method  or 

FIRING 

REFE^NCE 

MS0C  MACHINE  GUN 

7.62 

900 

SELF-POWERED  GAS 
operated 

ELECTRIC 

SOLENOID 

TM  >1090-201-12 

M134  AUTOMATIC  GUN 

7.62  mm 

790-6000 

EXTEFWAl  MOTOR 

PERCUSSION 
ISaF  -CONTAINED) 

TM  9-100S-WS-16 

MSI  automatic  GUN 

20  mm 

<000-7200 

EXTERNA  MOTOR 

ELECTRIC 

TO  11»1-12-<-32 

Mil?  AUTOMATIC  GUN 

20  mm 

400—1500 

EXTERNAL  MOTOR 

ELECTRIC 

NAVAIR  1 1-694197-1 

W140  AUTOMATIC 
CANNON 

30  mm 

<05 

SELF-CONTAINED 
ELECTRIC  MOTOR 

PERCUSSION 

(SELF-ACTUATED) 

POMM  1005-2*5-15 

XM12S  AUTOMATIC 
GRENADE  LAUNCHER 

A0  mm 

400 

EXTERNAL  MOTOR 

PERCUSSION 

(SELF-CONTAINED! 

TM  1090-203-12 
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to  provide  weapon  system  performance  and  main- 
tainability. 

Parameters  relating  weapon  system  performance  to 
location  are  discussed  individually  in  the  paragraphs 
that  follow. 

14-2.1.2.1  Prejerti*  FHgbt  Path 

Gun  location  must  be  such  as  to  avoid  intersection 
of  the  extremas  of  the  projectile  flight  path  envelope 
with  the  helicopter  structure,  including  the  main 
rotor  and  externally-earned  stone.  The  projectile 
flight  path  envelope  is  described  by  a circular  disper- 
sion of  the  fired  projectile,  with  the  circle  center  being 
coincident  with  the  gun  barrel  centerline.  Factors  to 
consider  in  determining  the  dispersion  envelope  in- 
clude gun  and  ammunition  dispersion,  aerodynamic 
forces  acting  upon  the  projectile,  and  deflections  of 
the  gun  mount  and  helicopter  structure.  ARMCOM 
can  provide  details  of  gun  and  ammunition  disper- 
sion. and  aerodynamic  teat  data. 

142.122  Mas*  Effects 

-i.  -Mu.  i *.j  — ».*i: 

Utui*  J wrnm  w iuuuw  « 1«I  w M pimiuk  uirni 

copter  structure  to  minimize  the  effects  of  muzzle 
blast.  The  aircraft  skin  near  the  muzzle  and  adjacent 
aircraft  structure  must  be  strong  enough  to  prevent 
gun  blast  damage.  Reinforcement  requirements  of 
the  aircraft  skin  and  structure  are  determined  by  the 
diatance  between  gun  and  skin,  the  thick  mm  of  the 
skin,  and  the  density  of  frames  and  stringers.  The  gun 
muzzle  staff  never  be  located  near  enough  to  cano- 
pies, radar  antennas,  or  door  frames  to  cause  or 
create  a hazardous  condition. 

For  some  guns,  a muzzle  brake  can  be  incorpo- 
rated to  reaoape  the  blast  premure  field.  This  device 
distorts  the  blast  field  so  that  peak  pressures  end  im- 
putes are  rotateo  and  displaced  from  their  normal 
positions  relative  to  the  gun  barrel  and  thereby 
reduce  recoil  forces.  ARMCOM  should  be  consulted 
for  details  regarding  availability  of  muzzle  brakes 
and  flash  suppressors  for  particular  weapons,  design 
considerations  for  fitting  a particular  gun,  and  defini- 
tion of  muzzie  pleasure  fields.  AMCP  TOh-251  pro- 
vides information  on  the  design  and  application  of 
muzzle  brakes.  Consideration  also  should  be  given  to 
the  relationship  of  different  weapon  systems  to  each 
other,  such  as  machine  guns  vs  rockets  or  mas  ilea, 
both  from  stationary  firing  position  (of  machine 
gmc)  and  during  the  trajectory  (of  rockets,  etc.). 

142.122  Debris  Inaction  Path 

Ejected  ammunition  cases  and  links  staff  am  un- 
pings  upon  helicopter  structure,  control  surfaces. 


rotors,  or  externally-carried  equipments.  The  trajec- 
tories o.  the  ejected  debris  can  be  determined  from 
gun  ejection  velocities  and  the  local  aerodynamic 
conditions  about  the  helicopter . In  general,  the  debrit 
ejection  velocity  is  equivalent  to  or  higher  than  am- 
munition food  velocity. 

Debris  ejection  velocities  can  be  i Released  by  the 
use  of  accelerator  mechanisms.  Some  accelerators  use 
rotating  brushes  to  capture  and  accderete  the  debris; 
others  use  sprockets.  The  selection  of  the  design  tech- 
nique must  consider  the  available  space,  and  the  at-  ! 
titude,  kinematics,  and  shape  of  the  ejected  debris. 

The  accelerator  must  be  designed  for  positive  capture 
and  retention  or  rejection  of  the  debris,  end  must  be 
located  es  dose  to  the  gun  ejection  port  as  is  possible. 
Deflector  pistes  can  be  placed  strategically  to  redirect 
the  cuelink  ejection  path  properly,  particularly  ! 

where  cases  can  strike  a surface  perpendicular  to  the  i 

ejection  path  and  bounce  back  into  the  gun  mech- 
anism. 

For  some  applications,  an  ammunition  feed  system 
it  used  the*,  retains  gun  debris  to  an  infernal  storage  * 
compartment.  Thi;  design  is  suited  best  for  systems  \ 
Usat  5!np!cy  recycling  conveyors  or  ^srods*t5,  rst!s®r 
than  a linked  belt,  to  Iran  port  ammunition.  The  | 
return  conveyance  path  shaJ.  accommodate  positive 
guidance  of  an  occasion*)!  misfired  cartridge  as  well  | 
es  fired  cases.  The  strength  or  the  storage  compart- 
ment must  be  sufficient  to  proton  personnel  and  the 
vehicle  from  hazards  caused  by  misfired  cartridges.  A 
ventilating  system  in  the  storage  container  staff  be 
provided  to  remove  residual  gases  in  the  fired  cams.  • 

142.122  External  Gen  Jettteriag 

In  general,  for  installation!  requiring  jettison,  the 
gun  and  ammunition  should  be  located  in  extanuNOy- 
mounted  pods.  The  locations  of  the  gun  and  pod  aad 
the  angle  of  ej-xtkwi  shall  be  such  as  to  insure 
clearance  from  the  helicopter,  landing  gmr.  and  ad- 
jacent stores.  Pod  and  helicopter  structure  shelf  be 
designed  for  compatibility  with  power  jettisoning  par 
MIL-A-8991. 

142.12.3  AcceseMity 

Location  of  the  gun  must  provide  suflkieat 
clearance  and  accessibility  to  allow  performance  of 
maintenance  — including  servicing,  removal,  aad  rn- 
pUcemem  of  the  gun  and  related  accessories;  usd 
loading  and  unloading  of  ammunition.  The  weapon 
also  must  be  accessible  enough  to  permit  suck  ac- 
tivities as  diagnosis  of  malfunctions  and  the  clearing 
of  stoppages  or  jams,  parvis)  disassembly  while  in 
place,  performance  of  ail  standard  adjustments  with 
appropriate  toots,  end  viewing  and  reading  of  aB 
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of  the  (hock  absorbing  element*  in  the  weapon 
•ystcm. 


dials  and  gagea. 

An  uoobstructad  view  from  the  gun  barrel  must  be 
provided  for  boreaight  alignment.  Electrical  cablet, 
tubing,  and  equipment  that  must  be  placed  in  the 
vidnity  cf  the  gun  should  be  located  to  prevent 
dimagit  during  the  removal  and  replacement  of  the 
gun.  Minimum  maintenance  and  turnaround  time* 
are  a primary  consideration. 

Cable*  and  equipment  ibouid  be  restrained  tr>  that 
they  cannot  be  proximate  to  hot  gun  barrels  or  other 
moving  parts  of  a weapon  or  system.  Provisions 
should  to  made  for  removing  hot  weapon*  (gun 
barrels  and  adjoining  components)  without  burning 
crewman's  hands.  Appropriate  "NO  STEP"  mark- 
ings wilt  be  provided  on  the  weapon  turret,  feed 
chuting,  ammunition  cape,  and  other  materiel  not 
dmigitad  to  withstand  stepping  forces. 

144.1JA  Dynamic  Farces 

Dynamic  forces  may  beat  be  determined  from  in- 
strumented tests  of  the  actual  weapon  turret  on  a 
mount  that  simulatea  the  flexibility  profile  of  the  heli- 
copter. Weapon  systems  contain  a aerie*  of  shock  ab- 
sorte's  that  operate  si  differ**:  caiurii  frequencies, 
thus  alternately  changing  the  load  profile  during  the 
firing  bunt.  These  shock  absoibcn  are  characterized 
8K 

1.  Weapon  internal  mechanism 

2.  Buffer  (spring  or  hydraulic  package) 

3.  Turret  structure 

4.  Connecting  struts  between  turret  and  helicop- 
ter 

5.  Helicopter  framework  or  structure 

Siam  the  weapon  fine  at  various  attitudes  of  e»e- 
vstioa  and  azimuth,  the  torques  and  loads  van  . The 
true  load  nrotfte  b atstksOy  indeterminate  and 
should  to  obtained  from  ARMCOM  in  the  form  of 
NHtnuaeutal  firing  data  with  all  test  conditioo*  dear- 
ly HwiiifM  as  so: 

1.  Aetna  iwaion  Lot  No. 

2.  Weapon  weight 

3.  Firing  schedule 

4.  Weapon  ebrvatioa/aziinuth  angle  for  each  test 

3.  Stiffness  of  mount  bese 

6.  Other  special  teat  condition*  (temper,  ure,  etc). 

Moderate  overdesign  in  the  weapon  system  moun- 
ting interface  sbevdd  to  considered  in  new  or 
dwalopmulal  designs  to  ellow  for  normal  "growth" 
or  increnee  iu  iatpulso  aa  an  evolutionary  factoi  in  a 
eyesore  lib  cycle.  A fat  jr  of  30%  is  recoouncnded. 
Additionally,  this  oooBderation  will  provide  an  in- 
creased measure  of  enpebikty  to  accommodate  un- 
predictable advene  condition*  or  neosesary  stiffening 
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14.2.1.3  Typre  of  ImtaUatioea 

Guns  normally  are  installed  in  the  fixed,  forward 
position  in  pods,  or  are  mounted  flexibly  in  remote- 
controlled  turrets  or  upon  manually-operated  pintles. 
Guns  also  may  be  installed  in  the  fixed,  forward  posi- 
tion without  pods.  The  configuration  that  best  suits 
the  detail  helicopter  mission  requirements  should  be 
determined  and  employed. 

14-2.1.3.1  Pod  Installation* 

Gun  pod  installations  usually  contain  the  gun,  the 
ammunition  storage  and  feed  system,  and  the 
operating  mechanisms  within  an  acrodynamically- 
shaped  enclosure.  Size  and  contour  of  the  pod  enve- 
lope are  selected  for  minimum  aerodynamic  drag. 
Construction  and  suspension  features  of  the  pod  shall 
conform  to  MIL-A-8591  structural  design  standards 
for  jcttisonablc  stores.  Pods  normally  are  designed 
for  installation  on  cither  14-  or  30-in.  spaced  bomb 
rack  mounting  hooks.  The  design  of  the  supporting 
structure  also  should  consider: 

1.  Location  of  the  pod  so  as  to  permit  normal  ser- 
vicing and  maintenance  of  the  gun,  ammunition,  and 
operating  mechanisms  without  removal  of  the  pod. 
These  actions  will  include,  as  a minimum,  ammuni- 
tion loading  and  unloading,  borcsighting,  compo- 
nent checkout,  and  normal  removgl/replaccment  of 
components. 

2.  Design  of  the  supporting  structure  so  as  to  with- 
stand forces  imposed  by  gun  recoil  and  aerodynamic 
pressures.  The  structure  should  provide  proper  rigidi- 
ty in  order  to  minimize  gun  firing  errors  as  a result  of 
structural  deflections. 

3.  Location  and  design  of  the  pod  to  avoid  aero- 
dynamic interference  among  control  surfaces,  sen- 
sors, and  adjacent  stores. 

4.  Asymmetrical  firings  occurring  due  to  failure  of 
a matching  gun  pod. 

14-2.1.3.2  Turret  Installations 

Turret-mounted  guns  arc  aimed  and  positioned 
remotely  by  means  of  a sight  or  a fire  control  system. 
Such  guns  normally  require  remote  location  of  am- 
munition supplies,  which  are  connected  to  the  gun  by 
means  of  flexible  or  rigid  chutes  that  guide  the  am- 
munition. Turrets  normally  are  placed  just  beyond 
the  helicopter  skin  line,  and  require  an  aerodynamic 
fairing  in  order  to  reduce  aerodynamic  drag.  The 
fairing  design  must  provide  clearance  foi  the  turret 
internal  mechanisms,  and  must  minimize  aerody- 
namic torques  against  the  turret  drives.  The  fairing, 
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or  a pcsdoii  of  U,  must  bo  quickly  tmavtJbbt  to  that 
mwu  c*-J  dmo/awu  the  **s «fc"  couditkm  of  the 
weapon  and/or  lake  uiHaarljfct*  action  to  Rwbr  the 
weapon  safe. 

The  location  of  tiii  Hunt  tMi  pet  to  it  asob- 
structad  firing  throughout  tb’  turns  limits  of 
coverage.  Positive  structural  ksrii  (tops  tkeit  be  pro- 
vided if.  order  to  prevent  the  urnet  from  moving 
beyond  the  adiitsd  liauts  and  to  maintain  a projec- 
tile trajectory  whkJa  does  net  endanger  the  aircraft 
and  its  stores. 

The  typs  of  power  t*i ectwd  to  cp*<«»e  the  turret 
depend*  upon  tha  available  total  power,  and  upon 
total  IsdicojUv  weight  &.id  cast  factors.  Quick- 
disconnect  couplings  tfc  >jki  be  used  for  attachment 
of  the  [Kma  amice  to  the  tu-ict. 

The  tkti;  ner  must  piovkfc  a tium-BKRintng  air* 
face  thst  has  a definite  planar  relationship  to  the 
Weapon  Sycteu  Datum  Plane  (see  par.  14-2.1.6).  The 
Weapon  System  Datum  Plan*  is  a surface  or 
mfocnoe  plane  in  the  helicopter  to  which  til  arma- 
ment, sights,  toid  fire  contto!  systems  are  refereAOrui. 
fU  ruppertmg  structure  mutt  provide  the  rigidity 
ntunaUiy  tc  m«t  thr.  cr^utscy  rriisureaisnts 
described  in  the  helicopter  system  specification  and 
to  withstood  the  mechanical  foi  j*s  and  motutnta  iin- 
por«l  by  the  gu:i  and  tunc*  Tfer  principal  mechan- 
ical loads  will  result  from  the  following  conditions, 
applied  indi  /ideally  or  in  unison: 

1.  ’ • ual  loads  imnt  sd  by  the  maneuvering  ol 
ibe  helicopter 

2.  Cyciicti  : «iil  forces  imposed  by  the  ’ ing  ol 
the  gun 

?.  T orques  applied  w>  accelerate  the  gun  to  its 
maximum  angular  velocity.  or  to  bring  the  pivoting 
gun  to  rest  from  it*  maximum  angular  velocity  of  ro- 
tation 

4.  Cfctarnfti  form  such  a*  those  created  by  dis- 
regard fo.  Vln  "NO  ST  EP"  marking. 

Accessibility  of  the  tuner  must  be  adequate  to  per- 
mit Main  «nancc  and  inspection  of  the  weapon 
Turret  d/sign  should  permit  the  rotvlirg  to  be 
removed  without  requiring  the  tun.  I to  be  slewed 
horn  the  stov.'cd  position.  The  coveting  she u lo  not 
paw.  thrjugh  the  line  of  fir  while  being  removed. 

14-2.1  £.3  WntteGmes 

Typically  installed  in  helicopter  doorwxy*,  pintle 
guns  a . aimed  and  fired  luanuaUy.  Ammunition 
containers  usually  arc  locat?^  remotely  uul  am,  con 
nested  to  the  gun  with  flexible  chutes.  Some  guns  can 
be  installed  with  integral  uiniuunitton  containers, 
provided  that  the  weight  of  the  full  ammunition  con- 
tsinau  k low. 


(ka  am  installed  a pints  mown  m that  &s 
chiBm  of  the  Bring  bared  it  eaaaadei  wMi  the 
ptvoi  owstor  of  the  mnui  HvaUsaSgsriSanMtow- 
imadaHt  with  the  CG  of  the  pun  sad  all  attadfriqg 
hardware.  If  it  ia  act  omvmmt  So  provide  a ooittir 
dcat  CO/phot  axis,  otwatwhaVnaia  srrtsmswB 
be  mrutlkii  to  heap  offcet  the  hwatirtl  feres  hnpaeod 
upoaihsguasr  w»ifla  pirating  ihups.  Mechaateal 
slope  shelf  be  provided  ia  cedar  tc —junta  a psspao- 
*it~  ‘“itj-mr-  whfcfr  does  not  mdaupar  tfas  mwwrfl 

Cleanup;*  must  be  provided  mourn  the  pautte  5ocrv 
tioa  to  allow  3th  through  Wtb  parocarfc  afawg^Mss 
to  operate  (he  gun  and  mount  throogftout  the  fal 
range  of  gun  tr**ul,  A grower  safety  be&  tosses*  the 
gunner  sferif  he  provided. 


14114  Aarsudden  Sangi 

Ammunition  eMi  be  i&eu&ad  m oaeneraan  with 
capicitiss  ns  dmsribcd  by  the  goverafeg  htopur 
specification.  .VmmuttftuM  rnelninsii  aunt  be  lo- 
cated as  dose  to  the  gno  as  posriMc  within  the  heh- 
copier  tiomtJKtti  kaw  ami  weigin  nmi 

balance  restriction.  The  d«%Mr  must  provide  the 
accessibility  and  deantuce  neewswry  to: 

1.  Lead  i’iH  unJosd  Ure  ccecvosr  without  rauovsl 
froL"-  the  helicopter 

2.  Xcaiovc  and  rcpiscc  the  ooeteiacr  (The  rtesigirsr 
must  consider  replacement  of  s demaptd  full  coe- 
taina.) 

3.  Permit  normal  servicing  as  required  by  the 
qedfic  container  design,  indudkg  lubrication,  db- 
wembly  of  sttaching  hardware,  and  repteranent  of 
conuiner  subasaentbUes. 

For  some  appficadona,  ammunition  coniainm  have 
power  drives.  The  designer  thmi!  provide  the  poww 
service  u needed.  Power  service  should  be  attached 
using  quick-dtsconnect  souphagt. 

The  use  of  pndoaded  containers,  which  signifi- 
cantly reduce  turnaround  tare,  should  be  considered. 
Containers  should  contain  sufficient  accesses  to  fs- 
riliute  icmedial  action  in  event  of  hangups,  and 
snould  be  secured  appropriately  to  tie  points  or 
mounting  fixtures.  When  using  linked  ammunition, 
helicopter  vibration  should  be  taken  into  account 
because  feed  problems  have  bees  traced  to  this  cause. 
Vibration  causes  s settling  of  t'mupported  linked  am- 
munition, making  layers  of  beik  difficult  to  pull 
apart.  Use  of  spacer  shrives  or  turning  loops  should 
he  considered;  alto  note  ttai  drum  or  linkicu  feed 
eliminates  this  problem.  Shake  teak  of  the  storage 
.and  feed  system  therefore  should  be  made  during 
development. 
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14-2.1.5  ABBiaidoB  Fttd 

The  chutes  that  carry  the  ammunition  from  the 
container  to  the  gun  feed  mechanisms  may  be  of 
either  rigid  or  flexible  design,  but  should  be  free  of  in- 
side surface  projections  and  independent  of  other 
accessories.  Chuta  must  be  attached  to  the  feed 
mechanism  by  a quickly  detachable  means.  When 
locked  in  place,  the  chutes  must  remain  in  alignment 
with  the  ammunition  boxes  and  the  gun  feed  mech- 
anism throughout  all  adjustments  of  the  gun.  Feed 
chute  design  must  accommodate  the  allowable  twist, 
bend,  and  fan  radii  of  the  ammunition  belt. 

The  detail  design  shall  provide  accessibility  to  the 
ammunition  belt  within  the  chute  to  permit  threading 
the  belt  through  the  chute  and  inserting  it  into  the 
gun  feed  mechanism.  The  feed  chutes  shall  be  of  light 
weight,  low  friction,  and  long  wearing  materials  and 
of  a gage  that  will  insure  maintenance  of  original  in- 
side dimensions  un-J  :r  ordinary  operating  conditions. 
If  flexible  chuting  is  used,  an  approved  design  must 
be  employed 

Where  the  ammunition  belt  contacts  the  feed 
chute,  the  design  shall  provide  relief  so  that  the  am- 
munition links  will  not  drag  oa  the  chute.  This  can  be 
accomplished  with  tracks  added  to  the  chute  beads 
rolled  into  the  chute,  or  with  a clearance  slot  cut  from 
the  chute  to  that  the  ammunition  will  be  supported 
by  the  case  and  projectile  and  not  by  the  links. 

14-2.1.6  Boresighting  and  Harmonization 

The  armament  installation  skill  be  designed  for 
compatibility  with  the  rights  and/or  sighting  station 
equipment  described  by  the  helicopter  system  speci- 
fication. A means  shall  be  provided  to  boresight  the 
gun  to  an  accurate  coincident  relationship  with  the 
sight.  For  pivoting  guns,  a means  must  be  provided 
to  check  the  gun  pointing  angles  in  refeunce  to  the 
sight  command  angles. 

The  helicopter  design  must  include  a definite  rela- 
tionship between  armament  installations  and  the 
right  and  fire  control  references.  This  is  accomplish- 
ed by  establishment  of  a Weapon  System  Datum 
Plane.  The  installation  and  traverse  of  each  weapon, 
and  the  sighting  and  fre  control  equipment  shall  be 
referenced  to  this  datum.  Accuracy  of  the  relation- 
ship between  the  references  shall  be  in  accordance 
with  the  governing  system  specification. 

Gun  mounts  shall  be  adjustable,  and  shall  be 
capable  of  being  locked  in  the  transverse  and  vertical 
planet  to  provide  for  a minimum  of  ±0.25-deg  gun 
adjustment  in  addition  to  any  adjustment  required  to 
overcome  aircraft  manufacturing  tolerances.  The 
detail  design  shall  provide  for  the  use  of  standard 
boresight  telescopes  for  performing  the  boresight 


operation  with  the  guns  in  place.  For  turrets,  provi- 
sions shall  be  made  for  checking  alignment  of  axes  to 
the  aircraft  datum  planes  (vertical  and  horizontal) 
through  the  uce  of  the  standard  boresight  telescope, 
with  the  turret  aligned  to  three  azimuth  angles  as  a 
minimum. 

14-2.2  GUIDED  MISSILES 

Guided  missile  launchers  and  guidance  control 
equipment  of  the  number  and  type  described  by  the 
governing  helicopter  system  specification  shall  be  in- 
stalled. Currently  being  used  for  helicopter  applica- 
tions it  the  TOW,  a tube-launched,  optically  aimed, 
wire-guided  missile.  Details  regarding  this  missile  are 
classified  and,  with  required  justification,  are  avail- 
able f:om  the  US  Army  Missile  Command 
(MICC'M).  This  paragraph  pro'/ides  helicopter 
design  standards  that  can  be  applied  to  the  TOW 
weapon  system  or  to  any  other  miisile  installation. 

14-2.2.1  Location  of  Launcher  Installations 

The  primary  function  of  the  launcher  installation  is 
to  release  the  missile  from  the  helicopter  without 
damaging  either  the  miisile  components  or  the  heli- 
copter. The  launch  mechanism  should  be  designed  so 
that  the  missile  flight  path  (during  launch)  will  be 
directed  to  position  the  missile  within  (1)  the  capture 
envelope  required  for  initiation  of  guidance  by  the 
gunner,  or  (2)  the  flight  path  limitations  required  for 
target  acquisition  and  lock-on  when  using  a homing 
missile. 

Helicopter  missile  launchers  generally  will  be  in- 
stalled offset  from  the  helicopter  centerline  on  arma- 
ment pylons  or  stub  wings  to  protect  the  tail  control 
surfaces  and  rotor  system  from  possible  immersion  in 
the  exhaust  wake  of  the  missile.  Good  design  prac- 
tices include  location  of  the  launcher  on  the  helicop- 
ter to  prevent: 

1.  Engine  compressor  stall  or  fiameout  as  a result 
of  exhaust  gases  entering  the  engine  intake  ducts 

2.  Exhaust  gas  impingement  upon,  or  ignition 
debris  collision  with,  the  airframe  and  all  rotor 
systems 

3.  Harmful  corrosion  effects  as  a result  of  deposits 
of  missile  exhaust  residue  within  the  ergine  or  upon 
other  components  that  arc  not  accessible  readily  for 
prompt  cleaning 

4.  Impairment  of  pilot’s  or  gunner  s vision  by  flash 
during  firing 

5.  Excessive  acoustic  noise  in  the  crew  compart- 
ment during  firing 

6.  Titting  or  coating  of  the  canopy  by  exhaust  gas 
and  debris 

7.  Aerodynamic  interference  between  launchers 
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and  control  surfaces,  sensors,  and  adjacent  stores 
The  design  and  location  of  the  launcher  installation 
should  be  such  as  to  minimize  corrosive  effects 
resulting  from  the  exhaust  particles  inherent  to  solid 
propellant  missiles.  Proper  consideration  of  pre- 
ventive or  corrective  methods,  including  cleansing  of 
affected  parts,  can  reduce  significantly  the  possibility 
of  structural  corrosion  or  surface  damage  caused  by 
motor  exhaust.  In  general,  missile  launchers  should 
be  located  as  far  as  possible  from  other  parts  of  the 
aircraft. 

14-2.2.2  Structural  Cleanum 

Adequate  structural  clearance  sha'l  be  provided  tc 
prevent  interference  of  the  missile  (including  fins) 
with  any  part  of  the  helicopter  (including  adjacent 
stores)  during  launch  of  the  missile.  A clearance  cone 
of  3 deg  half  angle,  measured  from  the  missile  longi- 
tudinal centerline  at  the  exit  port,  is  an  example. 

Definition  of  clearance  should  include  considera- 
tion of  the  aerodynamic  forces  acting  upon  the  mis- 
sile at  launch.  These  forces  can  cause  significant  vari- 
ations in  the  missile  pitch  and  yaw  motion,  and  in  the 
linear  displacement,  during  the  launch  phase.  Suffi- 
cient ground  clearance  shall  be  provided  to  prevent 
launcher  ground  contact  during  normal  takeoffs  and 
landings,  and  during  hard  landings  at  maximum 
gross  weight. 

14-2.2.3  Blast  Protection 

The  helicopter  designer  shall  prr,  vide  strength 
and/or  surface  protection  for  helicopter  structure 
and  exposed  subsystems  that  is  adequate  to  protect 
them  from  missile  exhaust  '■fleets.  These  effects  in- 
clude overpressure,  heat,  recoil  or  reaction  loads,  ero- 
sion, and  corrosion  resulting  from  normal  repetitive 
firing.  Details  of  these  characteristics  will  be  available 
in  tiie  weapon  specification 

14-2.2.4  Accessibility 

Maximum  accessibility  shall  be  provided  to  the 
launching  mechanisms,  tubes,  detente,  firing  con- 
tacts, and  electrical  connections  to  facilitate  loading, 
unloading,  circuit  checking,  diagnosis  of  malfunc- 
tions, clearing  of  stoppages,  partial  disassembly  while 
in  place,  viewing  of  all  dials  and  gage  marks,  accom- 
plishment of  all  adjustments  with  the  appropriate 
took,  cleaning,  and  replacement.  Minimum  mainte- 
nance and  turnaround  times  are  a primary  considera- 
tion. Other  guidelines  pertinent  to  this  topic  are  con- 
tained in  Chapters  11  and  13,  AMCP  706-201. 

14-2.2.5  Firing  Circuit  Testing 

The  designer  should  provide  a self-contained  firing 


circuit  tester,  or  a single-point  electrical  quick - 
disconnect  in  the  individual  missile  contact  circuit 
which  is  suitable  r .tse  with  an  external  circuit 
tester. 

14-2X6  Jettisoning 

Tae  launcher  installation  shall  include  provisions 
for  jettisoning  the  unit  from  the  aircraft  under  all 
normal  flight  conditions,  including  undetected  side- 
slips. Launch  structure  should  be  designed  for  com- 
patibility with  power  jettisoning  per  MIL-A-8S91. 
The  angle  at  which  the  launcher  is  ejected  shall  be 
selected  to  provide  clearance  with  the  airframe,  land- 
ing gear,  and  adjacent  stores. 

14-2.2.7  Effects  of  Aircraft  Masomn 

Structural  design  of  the  missile  launcher  installa- 
tion shall  consider  the  effects  of  loads  imposed  by 
maneuvers  of  both  the  missile  and  thr  aircraft. 

14-2.2.*  Types  of  IastaDadsas 

The  launcher  installation  should  provide  for  effec- 
tive missile  deployment  in  specified  tactical  situations 
associated  with  a particular  missile  configuration. 
Factors  affecting  selection  of  the  launcher  configura- 
tion are  launcher  size  and  weight,  helicopter  speed 
and  altitude  environment,  and  ground-handling  and 
loading  requirements.  For  helicopter  applications, 
the  launcher  generally  will  be  a fixed  installation 
located  on  a wing  or  armament  pylon,  and  may  in- 
clude either  a zero  or  a finite  launch  length  depending 
upon  the  missile  characteristics. 

14-2X9  Load  lag 

The  missile  launcher  should  be  designed  to  facili- 
tate fast  loading  during  ground  operations.  The 
loading  process  should  require  a minimum  number  of 
precise  locating  and  positioning  operations  by  the 
armament  mechanics. 

14-2.2.10  Aerodynamic  Effects 

Effects  of  local  airflow  conditions  upon  the  initial 
missile  flight  path  can  be  significant,  and  shall  be  con- 
sidered during  the  launcher  design  task.  Immediately 
upon  release  from  the  launcher,  the  missile  is  exposed 
to  aerodynamic  forces  that  tend  to  displace  it  from  its 
intended  flight  path.  Missile  response  is  affected  by 
launch  velocity,  guidance  system  operation  during 
the  launch  phase,  and  control  surface  effectiveness  at 
the  launch  speed. 

14-2X11  Suspension  and  Retention 

Suspension  and  retention  components  include  the 
equipment  used  to  attach  the  launcher  to  the  air- 


‘4-7 


MCP  706-202 


craft.  MIL-A-8S91  contains  a detailed  method  for 
calculation  of  suspension  tyatem  interface  loads.  This 
specification  is  applicable  to  bombs  and  other 
externally-mounted  stores  on  fixed-wing  aircraft,  and 
may  be  used  for  a helicopter  missile  launcher 
whenever  the  launcher  is  compatible  with  the  lug  and 
sway  brace  criteria  contained  therein.  Missile  launch 
fixtures  and  suspension  hardware  generally  should  be 
as  simple,  lightweight,  and  small  as  possible,  com- 
patible with  maximum  reliability  and  with  minimum 
effects  upon  missile  and  aircraft  performance.  A safe- 
ty lock  or  retention  mechanism  is  required  in  the 
launcher  to  prevent  inadvertent  launch  and  to  retain 
the  missile  under  severe  load  conditions  (i.e.,  crush 
loads).  The  retention  device  should  be  designed  to  in- 
terrupt the  launch  initiation  system,  as  well  as  to 
res*rar:  the  missile  mechanically. 

14-23.12  Lanaeh  IaMatkm 

The  missile  system  should  include  a means  of 
transmitting  a launch  initiation  signal  from  the  nir- 
craft  to  the  missile.  The  nature  and  complexity  of  this 
system  will  depend  upon  the  type  of  missile  to  be 
launched.  Some  missiles  require  only  the  ignition  of  a 
rocket  motor,  while  others  require  in-flight  pre- 
launch checkout,  initial  condition  inputs  to  the 
guidance  unit,  and  multistage  launch  sequencing.  The 
design  should  be  as  simple  as  possible,  consistent 
with  a reliable  and  safe  launch. 

14-23.13  Restraining  Latch 

A restraining  latch  mechanism  sometimes  is 
required  to  retain  the  missile  just  prior  to  launch. 
This  is  similar  to  the  rocket  restraining  latch  dis- 
cussed in  par.  1 \ 1.3.7.  The  latch  is  designed  to  regain 
the  missile  under  normal  maneuver  loads,  biit  to 
release  at  a predetermined  load  created  by  the  motor 
thrust.  The  mechanism  may  be  designed  as  pare  of  the 
suspension  and  retention  system  (par.  14-2.2.1 1).  The 
restraining  latch  should  be  releasable  easily  by  arma- 
men:  mechanics  during  ground  loading  and  un- 
loading operations.  The  latch  design  should  contain 
provisions  for  adjusting  the  release  load  in  order  to 
compensate  for  wear  in  the  mechanical  components. 
Locking  devices  should  be  provided  to  prevent  post- 
loading variations  in  the  missile-restraining  torce. 

14-2.2.14  Forced  Ejection 

Some  missile  systems  may  require  a means  of  ejec- 
ting the  missile  from  the  launcher  in  such  a manner  as 
to  provide  separation  of  helicopter  and  missile  prior 
to  ignition  of  the  boost  motor.  The  r.ecessity  and 
mechanism  for  forced  ejection  must  be  determined  by 


a dynamic  and  aerodynamic  evaluation  of  the  mis- 
sile/helisopter  system.  Sources  of  ejection  force  that 
have  been  used  successfully  include  compressed  gas, 
mechanical  springs,  and  explosive  or  propellant 
devices.  Provision  shall  be  made  to  prevent  inad- 
vertent operation  of  the  ejection  system,  either  in 
flight  or  on  the  ground. 

14-2.3  ROCKETS 

Rocket  launchers  of  the  number  and  type 
described  by  the  governing  helicopter  syst est  specifi- 
cation shall  be  installed  Tbe  current  rocket  type 
qualified  for  use  on  helicopters  is  the  2.75-ir*.  folding 
fin  aircraft  rocket  (FFAR).  This  rocket  is  available  in 
a variety  of  warhead/fuze  combinations  to  suit 
specific  helicopter  mission  requirements.  It  is  carried 
in  and  launched  from  the  helicopter  by  means  of 
tubular  Launchers.  The  rocket  and  some  of  its 
available  launcher  types  are  described  in  TB  9-1340- 
201.  AlUMCOM  should  bt  consulted  fer  details 
regarding  launch  recoil  forces,  exhaust  blast  enve- 
lope, firing  power,  and  other  pertinent  items. 

14-23.1  Rocket  Launcher  Installations 

The  primary  function  of  the  rocket  launcher  is  to 
release  the  rocket  safely  from  the  helicopter  without  , 
disturbing  the  rocket  from  its  intended  fl:ght  path.  ^ 
The  initial  flight  direction  of  unguided  rockets  direct- 
ly influences  delivery  accuracy.  Therefore,  the 
launcher  design  should  provide  for  accurate  align- 
ment of  the  launcher  boreline  with  the  helicopter 
aiming  reference  under  all  tactical  deployment  con- 
ditions. The  effectiveness,  safety,  and  maintain- 
ability requirements  and  considerations  of  pars.  14- 
2.2.1  through  14-2.2.7  are  relevant  to  both  rocket  and 
missile  installations.  Additional  interface  design  con- 
siderations related  only  to  frce-fligi  t rockets  are  con- 
tained within  this  paragraph. 

The  current  2.75-in.  FFAR  launchers  for  helicop- 
ters consist  of  a fixed,  forward-firing,  rearward- 
venting, oncn-brcech  tube  cluster.  The  individual 
tubes  may  b;  reusable  or  replaceable,  or  the  cluster 
may  be  expendable.  The  launchers  normally  are  in- 
stalled with  the  launcher  axis  (boreline)  parallel  to  the 
line  cf  flight  under  specified  flight  conditions. 

Other  types  of  launcher  installations  have  been 
used  successfully  in  fixed-wing  aircraft,  but  have  not 
been  applied  to  helicopters  to  date.  They  are  listed 
here  because  of  possible  applications  to  helicopters  of 
the  future,  and  include: 

1.  Open-tube  pod,  retractable  into  the  fuselage 
and  extended  for  firing 

2.  Restricted-breech,  rearward-venting,  with  con- 
stricted or  deflected  exhaust 
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WU9  Load 

Tto  NsMnSiMitti  iMI  to  torigwd 

«?  withstand,  without  prawwat  toawtow.  tto 


I4-23J  LaMdiTtoNMMUi 
Lwuctor  tufc*  capehia  of  wfetotwdtog  rapeawd 
firing  of  tto  2.75-ia.  FFAK  tow  tow  cowtmctod  of 
sluarioMia,  minims  atari,  titaaftwi,  waia  impreg- 
awsd  Fikrijltt,  and  ptonoko-impNgsWed  fabric- 
toaa  material.  Expendable  or  cardiot  tacncfeiag 
tutor  tow  toaa  eoaetnictad  of  stow  inure.  atari,  aad 
plriir-mpmMy  or  ooatad  paper-base  material. 
Any  duttmli  that  haw  tow  fully  tested  aad  found 
aikabk  for  tto  purpose  may  be  uaad  for  rocket 
launch  tubes,  provided  due  aecouat  ic  taken  of 

m m ■>  J m ■ — Mj'tllfclKa*.  mltk  mm  t »» 

avAiMUMWtj,  MWS  tuto  ivtinwiatam/  vriwi  vwu  ui- 

sullation  requirements. 

Id-233  Lwnctar  Mamth* 

Forward-firing  launcher*  should  be  mounted  with 
the  launch  tubes  *t  the  optimum  angle  for  highest 
system  accuracy  for  tactics  to  be  employed.  The  cor- 
responding aircraft  pitch  angle  also  should  be 
evaluated  for  one-half  fuel  load  and  maximum  am- 
munition load  at  the  mean  combat  altitude.  Provi- 
sion for  adjustment  of  the  launcher  elevation  may  be 
required  so  as  to  account  for  variations  in  the  flight 
attitude  of  the  helicopter  between  level  and  diving 
flight.  Adequate  structural  clearance  shall  to  pro- 
vided to  prevent  interference  of  the  rocket  (including 
fins)  with  h.ny  part  of  the  helicopter  (including  adja- 
cent stores)  during  rocket  launch.  A clearance  cone  of 
7 deg  half  angle  measured  from  the  rocket  longitu- 
dinal centerline  of  the  exit  port  is  art  example. 

14-23.4  Number  ot  Rockets 
The  applicable  helicopter  system  specification  will 
define  the  number  of  rockets  to  be  carried  and  the  se- 
quence in  which  they  are  fued.  Lateral  spacing  of 
Buccesaively-ilred  rocket*  should  be  selected  to  pre- 
vent the  mutual  interference  effects  of  rocket  blasts, 
fin  opening,  and  jostling  of  adjacent  rockets  fired 
from  closely  spaced  tubes.  Rockets  usually  can  be 
ripple- fired  with  relatively  short  firing  intervals  if 
successive  rounds  are  fired  from  tutor  with  adequate 


tto rsnr'insw  torieopsar  — nuwetag bri farina  In 

cambmatum  with  rochet  Mwt,  mai,  and  toaato. 

crarii  load*  without  tone  (K4.  1). 

14334  Grew*  Safety 

Tto  fockri  installation  stof  haded*  a grouad  safe- 
ty cutout  switch  ia  order  to  prevent  aoddsntal  racket 
firing  during  ground  operations.  Tto  firing  errant 
may  to  iaterraptod  by  landing  gear  extwsiw,  by 
fending  skid  compression  under  the  haliooptat  enpty 
weight,  or  by  iwettioa  of  an  hrteriodr  pin  at  r*ch 
launcher  bv  tto  around  craw. 

A duji  unity-operated  override  switch  risen  to  pro- 
\ tied  to  permit  ground  checkout  of  the  firing  circuit. 
1 1 e grounding  path  for  each  rocket  ignition  circuit 
shall  to  located  physically  as  dose  ae  possible  to  the 
actual  rocket  firing  contact  Grounding  shall  con- 
tinue until  the  rockets  are  loaded  or  until  the  firing 
circuit  is  energized.  The  firing  circuitry  (Iso  must 
contain  provisions  for  preventing  inadvertent  rocket 
motor  ignition  due  to  radio  frequency  energy. 

14-23.7  Reriralidag  Latches 

R ocket*  will  to  iwuKinu  push 'Vet jr  iu  caui 
launching  tube' by  means  of  an  appropriate  mecha- 
nism. The  restraining  mechanism  must  engugc  auto- 
matically when  the  rocket  is  loaded  into  the  launcher, 
and  must  remain  engaged  if  the  rocket  is  rotated 
within  the  launcher  during  rite  loading  procedures. 
The  latch  will  prevent  aft  movement  of  the  rocket, 
and  will  restrain  the  rocket  from  forward  movement 
with  a force  equivalent  to  that  imposed  by  longitu- 
dinal crash  load  factors.  If  a blast- operated  detent  is 
used,  the  mechanism  will  prevent  both  fore  and  aft 
movement  of  the  nonburcing  rocket,  and  will  contain 
a means  for  manual  reteaac  of  the  individual  rocket 
latches  in  order  to  permit  rapid  loading  arid  removal 
of  unfired  rockets. 

14-233  Firing  Cautacts 

The  e'eetrical  contacts  will  to  designed  to  provide  a 
low-raaistanoe  path  for  tto  electrical  current  flow 
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ton  the  Miaeplte  firtog  sfenutos  to  onch  rocket  Ha 
ceatoeht  end  mpperitog  MnaMm  toff  be  designed  to 
In  z wmhsaaai  ctf  SO  wtoi  wtont  Nfas  or  r»- 
plwnM  ef  parte.  The  «MlM(i  shatf  he  dengeed  to 
provide  miaamem  fehsnol  hleehagu  of  t he  hunch 
tubs,  to  (M  Mm  from  tin  rocket  mhmn,  and  to 
be  mumibm  rsedf*  far  nliaeiag  and  lepfaeag&mt. 

W Ut  Btoarmfamalar 

Tba  rocket  system  jbsV  toduds  nMM  to  allow 
botfe  amoawttit  wed  Pinal  Bring  of  radah  in  a pi«- 
(fatsrnMn!  quantity,  eaqaaam.  and  timing  interval. 
Tba  rsquinNmals  far  rocket  eatoclton  and  firing  am 

qnafkatkM.  Ax  a ntieinum,  tba  operator  control 
pamdshe0altoweefeato8of«h«  number  of  rockets  to 
be  fared  singly,  ui  pain,  or  to  ripple  si  a pnart  tinw 
interval  Tbs  tiering  msebankm  jtaB  be  designed  for 
witobdity  and  accuracy  unitor  afi  firing  oondfekws. 

imui  Lanacbar  Fairing 

If  frangible  At  breakaway  materiel  it  toed  to  cower 
launcher  opwviy  oc  to  tcwnaalinr  tba  rocket  in- 
halUttoa,  the  dsiga  shell  ghisusJ  resist  blast  sad 
air  loads  at  aircpa«ds  np  to  tb*  aefiximoiu  aircraft  vo- 
tocsty.  The  coven  ako  Mat/  provide,  protection 
againa  nin.  chut,  and  aster  tewe  rmbonrotatai 
coadettous  to  which  the  aircraft  nay  be  subjected. 
The  dwpi  of  the  idrtig  ato£  tnaurc  that  the  fran- 
gible material  will  brea':  tsto  sagtneau  small  enough 
to  prevent  damage  to  mkxnov  windshields  and 
oiariic  rkeura.  eogime  component*,  aircraft  struc- 
ture or  akin,  aad  control  surfaces.  The  fragments 
shall  m»  be  permitted  to  eater  the  engine  intake 
duds-  Some  fianaibte  materials  that  have  been  used 
successfully  are: 

1.  Polyester  resins  with  inert  fili-taalemi  tucs  as 
chopped  cdlophaoe,  short  jute  fiben,  and  short  giass 
fibers 

2.  Plastic-impregnnted  papers 

3.  Foamed  plastic  plugs  aad  plater 

14X4  SAFETY  COftSIt>ECU*fK>NS 

litis  paragraph  specifically  oo'm*  the  iaterlac*  o.' 
Axed  and  movable  weapon  Syrian®  with  other  bdi 
copter  t;Tt«n». 

Proper  system  safety  design  oz*M  incorporate  the 
appttfahk  date  and  toduri^ues  related  to  twining 
safe  man-machine  md^tkwaliips.  yo  must  awid 
plating  unrealistic  or  coed;;  iaiptoitkms  upon  hwd- 
ware  design.  To  hr  effective,  mac- machine  rriatioM- 
dtipa  must  be  integrated  wha  syeturr  ;*fa* y to  pre- 
stos a logical  aud  constates*  cwiuetvi.  throughout 
the  isfa  spue  of  the  weapon  system.  Tfcks  mm  e that 
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amass  safari  m&smsim  nttocteki  must  be  wnHed 
throughout  tb*  design  arid  drrrd  jmant  — to  tba 
oonohpMal  pbuu,  4aags  egfaariag,  CMricntiao, 

thn,  end  retrofit  pfcanaa  of  the  program. 

14X4.1  Safety  Criteria 

Safety  criteria  far  weapon  qitou  amat  be  com- 
petitee  vriih  both  combat  savirewnmas  and  panoa- 
tkwt  condkions  This  wgnjmmmt  promote  brand 

tyatoou  am  nomaritoted  to  tba  lint  place  by  eoahet 
operations.  White  every  effort  moat  be  mads  to 
achieve  the  maxim  tun  level  of  safety  comk—t  with 
anaeatcat  system  design  and  operation  tnader  aH  oon- 
diuona.  thn  objective  ako  mint  be  cuawrtnwd  with 
respect  to  the  attainment  of  wnimaw  tactical  afCsc- 
trituams.  Where  rigorous  safety  criteria  impose  major 
rihaigw  oomplaxitim  that  emy  tacah  to  daaaaaed  tac- 
tical efficiency,  an  acceptable  tool  of  safely  may  have 
to  be  NtobM.  This  level  meat  be  baaed  upon  a 
thorough  asgiimartog  safety  analytic  and  an  evakui- 
ttoa  of  the  o.-wall  iatagrstod  weapon  systems. 

A teiOT  mode  and  hmrjoui  (fleet  ouaiysis 
(FMHF.A)  should  be  conducted  for  the  gun  sys- 
icm/vduck  interface  dn\%c.  This  analysis  cosmidatf 
the  dkb  of  both  subsystem  failwra  and  panonnai 
enor  during  botn  opcrattoml  uat  and  asaiatenancc. 
DOa  from  other  rdtabihSy.  itiuiatemriutay.  aystam 
safety,  and  human  factors  analyses  can  be  Maadwteo 
applksbtc.  Safety  hazards  nro  defiesd  in  MIL-STD 
M2  as  Casa  I,  Negtigibla;  due  ll,  Marginal,  Cla'n 
111,  Critical;  ond  Clam  IV,  Catastrophic.  The  effect 
analysis  should  identify  failure  ruMfea,  their  resv.^aot 
effect  upon  the  hw&copter  aod  peraonnsl,  (rapes- 
sating  provisions,  and  ifcr  hazard  classiftcation. 

When  CUua  !U  ?r  Clam  IV  haxarda  arc  identified, 
immediate  aottox  must  be  taker,  to  eliinsuate  Class  IV 
hams  and  to  Htiiutok*  Ciaas  111  items,  convklent  vith 
design  objectives-  System  safrty  rvquircmoiU  arc  dto 
cucaed  further  in  CLfiptor  3,  AMCP  706-2Q3. 

14-2.4.2  ft*  tatorropteiu 

Fi/wiatorruptiiig  ocvuxs  are  requirer*  on  guo 
ui'iT'. ! for  the  foK&wiag  rcaxMK 

1.  To  protort  against  tiring  at  some  part  of  the  *ir- 
r/*ft  Krurture.  rotors,  landing  gear,  external  stores, 
etc. 

2.  To  protect  against  fixity  into  the  path  of  othet 
firing  ordoauce,  such  as  other  guns,  rcektu,  or 
smoke  grteades 

2.  To  interrupt  the  weapon  Hruj  when  the  error 
tegnal  bvtwcro  the  fin  coated  s;  st«B  sight  Uac  aad 
ths  g m line  it  outside  sprifkxl  hteits 


4.  To  Interrupt  tbs  w sap  obi  (Mag  wha  any  othar 
ptodoserreiaad  condstioos  an  oanirisrert  to  be  bazar* 
<Sowa  to  porsounel  or  to  the  rebe da. 

Fire  totemipters  geueraly  arc  atelwaic.  and  uae 
servo  system  logic  to  dsterreins  gwn  position  and  in 
NMaadHp  to  a potentially  burdaa  situation.  Firs 
interrupt  it  ooatrOiad  by  oratory  la  aatod  on  specific 
logic  orate  earth.  Basaaaa  fin  fratnruptrn  an  due- 
trade,  they  stay  sot  pcaaaa  the  poaisivr  control 
(bend  an  aocb  mechoakaal  dwiaa  a content  follow- 
w*.  Ia  this  regard,  for  safely,  particular  ampheris 
must  be  pteoad  upoa  failure  analysis  of  fin  interrupt 
denote.  Fin  unstrap ten  any  be  omptoped  akwg 
with  poteuvo  tuna  tiareMupHreg  devices  for  added 

•fay. 

MX4J  Caatear  Fafiwuta 

The  ooBtour  followar  ia  a poattmi  laacb  naval 
now»  of  liatoiag  tin  el  craval  ia  thorn  anas  ia  winch 
uaoafe  opwteim  otiunwim  would  malt  h usually  ia 
a cam  bwite  into  the  turret  io  order  to  prevent  firiag  at 
a wing  step1',  far  example,  at  the  gun  barrel  is  stewed, 
with  tba  cam  altowiag  tk  tamt  to  cawar  follow  a 
(mw  Kim*  tbs  Gisrs.  its  css  esi.tssr  aat  be 
paateanmi  ao  that  the  gun  tsewd,  «a  basiled  with  tba 
gM  auparinpaaedv  is  at  a sofa  dittwtTT 

hau  tba  imhikM  ana.  Tka  design  of  tba  support- 
ing structure  ate  bs  such  a to  avoid  iwaafe  deflac- 
tirw  if  tba  po  xrix.es  tk  ceateur  At  mssimum  rota- 
tional velocity. 

64X44  Rant  Lbafeant 

Cwrlinud  gun  bandt  or.  fixed  or  tiunud 
weapons  caa  sno  batardowa  skusikm.  Firiag  off 

gySjft*  •>««  fw  mutmmtiai  burets  cm«  cause 

1.  Damage  to  the  weapon 

2.  Waapoit  malfunction,  with  tbc  attendant  p«- 
tibilily  of  misfire  or  of  exploding  wnnnmiliots,  which 
could  result  in  damage  tr>  tbc  helicopter  or  ipjuiy  to 
personnel 

3.  Inability  to  re-fire  the  weapon  until  after  a con- 
siderable cool-off  period. 

Burst-limiting  devices  generally  ate  classified  e* 
cither  lemperature-limitiag  or  time-limiting.  A tern* 
peratum-aecBuig  device  normally  is  located  on  the 
gun  barrel.  A time-limiting  device  can  be  located 
remotely  in  the  weapon  control  circuitry.  ARMCOM 
should  be  consulted  for  information  about  bum- 
limiting  requirement*  for  specific  guns  and  for  detaib 
about  current  burst-limiting  devices. 

14X45  Ciwhjte  Nofee 

Noise  resulting  from  weapon  firing  caa  affect 
bearing,  produce  annoyware  and  diacoaaftart  rtdvce 


aad  tba  aiae  efttes  bandtoShbwWda  wfifeb 

Tba  teaman  ear  aw  wMtetead  ssrwwedy  tetoam 
sounds,  such  apnfin,  fiv  a few  attends  afefestte 
laetiag  effewa,  bat  pvabegd  aapaaaaa  la  totenaiitfae 
of  83-feH  dfiar  above  caa  envaedaaiteia  to  dtewtettf 

cumulative.  A feral  of  4S  dfi  is  tfte  Hate  fee r ae  8X 
aapoaara.  white  116  dfe  caa  ba  tatoteed  far  oafe  fi 
sac.  Design  attention  aaast  ba  gfeaa  to  a—afalfaa  «f 
aotsa  pwMaaa  ia  wda  to  adsfeae  safe  opautebm. 
The  banting  of  ao in  to  safe  terete  caa  ba  Mmn 
pfiabed  by. 

1.  Dirac*  ndacttoa  of  note*  at  fa  vopaa, 
through  the  use  of  a mates  davits 

2.  Damping  throagh  ntoahfre  rwwriag  pared- 
atom 

3.  Attetuaetioa  or  reflection  of  tha  sound  by  amu 
at  teaatetfen.  baffles,  or  aar-preteettox  tonkas. 
Weapons  aboald  ba  auweted  to  prawaat  tenet  wok* 

IfeMbdUUW  1 — — — lu  alajwaft 

Tto  appikahla  aditaiy  ^reafieatioa  for  crew  cam- 
Futaaat  noiaa  ted  is  M1L-A-1SM.  Abo.  M1L> 
STD-1472  stales  that  equipment  sited!  m M gwmMt 
none  ia  oxaem  of  tin  auiaint  slimnte  hate 
prescribed  by  HEL-$TD-S-l-63,  AFR.  1*M, 
BuShips  Spadfkatiott  S-l-10.  Bab««fiate 
MIL  ST.,  7^0.  or  bllL-A-SSI^,  m ajppikabte.  Tbs 
impact  of  noise  upoo  tbs  safety  aad  tefaetiwMM»a  of 
personnel  is  described  in  par.  13-2.2,  AMCP706-2?)!. 
Acoustkal  noise  delwaabn'ky  is  covered  in  p«r.  b-i.6, 
AMCP  706-203. 


14X44  Debris  Disposal 

Effective  disposal  of  fireJ  amnuftstioa  cuwe,  nate- 
ftred  rounds,  and  links  ftovr  a firing  wespon  wrest  be 
consKlerekl  from  a safety  design  s»*ndooint.  IM’ste 
emitted  from  a fined  or  turreted  gun  can  be: 

1.  Blown  into  the  helicopter  structure  with  dama- 
giitg  result? 

2.  3e  defiected  into  antennas,  lights,  cuttansl 
ttorea.  etc. 

3.  Be  diverted  by  air  currents  into  the  mailt  or  tail 
rotors  or  engine  inlets,  causing  poutiUc  catastrophic 
failure 

4.  Cause  gun  jams,  rendering  the  weapon  systesn 
inoperable 

5.  Be  deflected  onto  cockpit  •>!£*  areas,  causing 
personnel  injury. 

Certain  weapons  provide  sufficient  debrfe  egactiea 
velocity  to  preclude  debris  disposal  prebtems  vteea 
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Hm  wm&m  » hOiM  oa  wrwaa  htamaptara-  Eads 
(■teflon  meaU  k«  —a  front  tegtateafly.  Hikonp 
tar  dway.  gaa  taatataa  vatoeity.  tar  oaotenoao. 
pntaanily  of  tettas  u.  Ita  ktaiimftar.  me.,  m»  b» 

Ptaigi  ■■tayitar  tea  ata  ha  — afcnawd  wish  tatter 
■M  tasutci  or  Aigbt  isefrag. 

TMn  taatan*  tefM—1  pwtataaia.  bat  mnwhxas 
otter  teibwma  task  a»  wteion  erf  mates 
wujgfc  and  itstarabta  L«n  pa*  in  apwt  eteacL  Aiao. 
■taapp  ©o  ttatota  mow  (flat  a tetris  «aa  be 
teaigatal  «*r«  0m  vahiefc.  ttetaky  teat  » aha  tar 
qpaw. 


14-24.7  Tamie  SjspSaafr®  Cos  iftetattea 

Tits  uppikabk  criteria  5ar  teak  c.  Noun- 
tiro  are  anttauad  in  MfL-STD-flOU.  dredwld  Until 
valvw  for  paraoote  aopwvuuo  an  cmu©uk^  to  Kta.  2. 

Qua  gras  can  have  tout  effete  on  pcncunod  if 
aKetwod  to  cur  the  crew  ©osapaitssou.  Adequate 
astasng,  ptuptapu  end  vantiiation  sbos&i  be  con- 
tewed  in  or*#*-  to  avoid  tiu&  hazard.  Accumulation 
of  gas  gasss  is  nsktare  wifi  tbr  pvepflr  gsreportiee  ot 
air  *leo  can  ratwU  ia  exploska  and  catastrophic 
failure-  Qua  bay  os  turjut  aroar  ijuwI  have  adequate 
natural  or  forced  air  (blown-)  vuttaikv.  to  tnairjttun; 
|L  levels  below  their  oplotnt  lutsK*  CoMceuatkin 
of  |UO  above  75%  of  the  lower  explosive  limit,  ths 
proportion  at  whk&.  bumvug  can  occur,  it  con- 
skta red  haurdou*.  Design  of  a puigitsg  system  most 
counskr  hover  and  ground  firing  conditions  when  air 
in  the  proximity  of  the  gu  bay  may  virtually  be  stag- 
nant. Rotor  downwash  taay  be  considered  at  a means 
of  at  dispersal.  The  purge  system  shell  sw  designed 
to  remain  operational  for  some  time  after  cessation  cf 
gunfire  to  avoid  trapping  gases.  Ventilation  or  ram 
air  purjt  -v*  system*  should  be  designed  so  that  air  in 
takes  are  located  away  from  the  gun  muzzle  in  order 
to  prevem  intake  cl  gun  gates  along  with  purging  air. 
Care  mutt  be  taken  not  to  locate  any  possible  elec- 
trical a-  ing  sources  in  the  area  of  gun  gases.  Fins! 
composition  of  gas  levels,  ant!  proof  o!  purging  de- 
sign.. must  be  determined  by  actual  linngu  monitored 
by  proper  dciecuon  equipment. 


Id-2,44  'fwh  Masker  Power  Swiith 
To  prevent  incdvtuieni  operation  of  © remote  con- 
trol turret  white  >t  is  being  m viced,  a mastet  jower 
twitch  that  is  acaasibkc  from  U«c  turret  x ■vicing  area 
skull  be  provided. 
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tfetataper.  Msrwontatay  is  tetete  m m tetay  of 

teatfte  aavirmt  fa  Km  atMtataMH  taf  In  mm- 

Manor  th^ustiuvs  of  tea  Mtcntft  teiab  m Mi  wipm- 
tat*  tad  am taa)  by  faanfrsaaatfag  *mmm  mi  aatfat i 
Mpwstawwcus  to  ispgmi  aaqu.  ramg. 
ate  fin  oc  troi  (sate  h rater  mtsmm*}  by  mi po 
matt  rrfum  and  agfa*  nu  tetat  by 
dcsi^v®  the  tawaraSt  to  whmod  g&alss. 

The eppropritaa mia gmaiy  sta—aalbfi 

Amy  bid  oet  the  pttipws*  of  tbs  mafk  Hi  poatsr- 
Ik)  threat  TWue  the  tancaJk  tesspwr  s job  * oupte- 
fod  ainoa  be  a wqipUta  with  the  aarorafi  nrvsvw 
brhty  feecuree  and  dtaraasmaoct.  wfiuta  ne  mm 
wiw  to  atii.  Venous  teciquea  fet  siopisg 
them  foals  ve  dwensati  as  sgipropm  ponffteot. 

Toe  ability  of  aai  aircraft  to  wsttacaad  gmstasr 
fanwatiy  is  tenaed  ‘"iiatatay  ricHt”  or  “b*i- 
btaic  bardeamf'*. 

Vulnerability  uuuctsou  -ift>  degseaiaa  span  «, 
least  those  factors:  (1)  the  threat  ehaTactorics.  ad 
•»  “S«r  and  type  of  Hiik  impact  vtaadty,  sad 
Sftfte  Ot  rUhquity,  (2)  tk-  uofat  inipsa  uaufn^ 
newt)  cJouactcnsbcs,  such  ae  atatenai.  tedtana.  ant 
opfsatine  stnes;  and  (2)  the  relationship  between 
the  behavior  of  tlx  tasgei  component  and  that  of  the 
remainder  tvf  the  heikoptcr.  Vuloarabilsty  reduction 
during  new  design  gnocrally  can  be  sueopialk 
more  cfficicntiy  by  proper  rsibeystmo  doagn  tech- 
nique titan  the  use  of  armor.  An  optimum  design  t* 
characterized  by  &uuor  bu.ig  limited  to  the  a-ew  sta- 
tion. Mcihuda  used  to  achieve  vulnerability  reduction 
ccn  be  dutified  as  burial,  concentration,  ouplics- 
liar.,  scpsrsticii,  bdlistic  resisls-ccc.  bidlstic  toler- 
ance, and,  as  a last  resort,  armor 

Duplication,  as  an  example,  is  the  optima!  method 
for  protection  of  flight  control  systems.  Associated 
problems  are  lire  need  to  separate  to  be  effective  and 
how  far  to  extend  the  redundancy.  Duplicate  controls 
running  side  by  side  would  not  reduce  overall  vul- 
nerability significantly,  since  3 single,  nit  might  rup- 
ture both  sets.  Moreover,  if  both  sets  terminate  at  a 
common  actuate*,  that  actuator  becomes  the  vulner- 
aoic  element. 

Shielding  and  concentration  of  components 
generally  %o  together.  The  numbers  of  heavy  suuc 
turd  memoers  and  components  and  subsystems  thut 
can  be  regarded  as  not  mission-critical  are  vciy 
limited  m a properly  designed  hciicoplct . The  prac- 
tice of  ' rncentrating  critical  components  within  a 
small  voiume,  and  then  shielding  them  with  less 
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critical  systems  and  structural  members,  reduces  the 
statistical  probability  that  any  single  projectile  will 
hit  them,  but  it  also  may  increase  the  vulnerability  of 
the  helicopter  to  any  projectile  that  does  penetrate 
the  critical  core. 

A design  that  buries  concentrations  of  sensitive 
components  itaide  the  helicopter  core,  or  even  hides 
them  behind  a single  layer  of  structural  protection, 
may  affect  maintenance  and  serviceability.  Analy- 
tical procedures  for  evaluating  these  trade-offs  are 
well  known,  but  the  importance  that  should  be 
assigned  to  the  various  values  in  the  analysis  is  not  so 
firmly  established. 

Ballistic  resistance  is  the  construction  of  critical 
components  such  that  they  are  massive  enough  to 
defeat  the  stated  threat;  for  example,  a control  rod 
constructed  out  of  steel  armor  material.  As  opposed 
to  this,  ballistic  tolerance  is  the  construction  of  a 
component  such  that  the  projectile  passes  through 
but  the  item  still  functions:  for  example,  a multipivot 
point  bclkrank  of  a nonshattering  composite  materi- 
al. 

Since  vulnerability  reduction  by  inherent  design  is 
discussed  under  the  appropriate  subsystems,  par.  14- 
3 generally  concentrates  on  the  armoring  method. 

14J.2  DEVELOPMENT  OF  VULNERABILITY 
REDUCTION  SYSTEMS 

Designing  for  vulnerability  reduction,  irrespective 
of  environment,  involves  an  analytical  procedure  that 
begins  with  a study  of  effects  of  enemy  weapons.  The 
designer  then  determines  how  the  existing  or  pro- 
posed helicopter  system  couples  into,  or  responds 
when  exposed  to,  these  effects.  The  uncertainties  in 
the  first  group  of  data  are  minor  since  weapon  effects 
are  usually  well  documented;  but  in  the  area  of 
system  coupling,  they  are  very  great,  especially  for 
systems  in  the  early  stages  of  design. 

A ballistic  vulnerability  reduction  program  shall  be 
conducted  with  the  development  program  to  assess 
effects  of  design  concepts,  and  provide  analysis  and 
guidance  for  controlling  and  reducing  vulnerability 
by  the  most  effective  means.  A vulnerability  analysis 
of  the  complete  aircraft  is  conducted  as  outlined.  The 
definitions,  criteria,  and  general  methodology  have 
been  standardized  by  triservice  agreement. 

14-3.2.1  Vulnerability  Analysis 

The  vulnerability  analysis  is  presented  in  the  form 
of  vulnerable  area  as  a function  of  striking  velocity 
for  each  threat  and  each  category  of  kill.  The  key 
threats  to  be  considered  in  this  study  area  are  general- 
ly 7.62  mm  API,  and  23  mm  HEI,  (low  and  mid- 


intecaity  threats).  The  striking  velocities  to  be  con- 
sidered are  muzzle  velocity,  velocity  at  expected  en- 
gagement range,  and  velocity  at  maximum  effective 
range  unless  otherwise  stated. 

The  categories  of  kill  which  are  mutually  exclusive 
are  attrition,  forced  landing,  and  mission  abort.  Each 
is  defined: 

1.  Attrition.  Damage  to  the  helicopter  which 
causes  the  helicopter  to  crash  and  become  a complete 
loss  after  the  terminal  ballistic  damage  occurs. 

2.  Forced  Landing.  Damage  to  the  helicopter 
which  causes  the  pilot  to  land  (powered  or  un- 
powered) because  he  receives  some  indication  of 
damage  (a  red  light,  low  fuel  level  warning,  difficulty 
in  operating  controls,  loss  of  power,  etc.).  The  extent 
of  damage  may  be  such  that  very  little  repair  would 
be  required  to  fly  the  helicopter  back  to  base;  but,  if 
the  pilot  continued  to  fly,  the  aircraft  would  be 
destroyed.  The  forced  landing  kill  category  includes  a 
forced  landing  at  any  time  after  damage  occurs 
(within  specified  design  mission  duration). 

3.  Mission  Abort.  Damage  to  the  aircraft  which 
causes  the  aircraft  to  be  unable  to  complete  its 
defined  mission. 

The  following  procedure  and  methodology  are 
used  in  the  vulnerability  analysis. 

1.  Target  Technical  Description.  Detailed  infor- 
mation on  the  construction  and  operation  of  all  the 
systems,  subsystems,  and  components  form  the  major 
portion  of  the  target  technical  description.  The 
description  includes  a tabulation  of  all  critical  com- 
ponents, listing  their  title  and  function  along  with  the 
failure  mode;  and  the  cause  and  the  effect  of  a failure 
on  the  components,  subsystem,  and  system  (see  Table 
14-2).  All  potential  damage  mechanisms  are  con- 
sidered as  well  as  secondary  damage  effects  such  as 
fires,  explosions,  and  leaking  fluids.  Scale  drawings 
with  dimensions  of  the  aircraft  configuration  with 
locations  of  its  major  systems  and  their  components 
are  used  to  determine  the  presented  areas  of  these 
components  for  up  to  eighteen  (18)  attack  directions 
(i.e.,  azimuth,  elevation  0,0;  45,0;  90,0;  135,0;  180,0; 
225,0;  270,0;  315,0;  0,  -45;  45,  -45;  90,  -45;  35. 
-45;  180,  -45;  225,  -45;  270,  -45;  315,  -45;  0 
+90;  and  0,  -90).  Normally,  the  number  of  aspects 
used  are  restricted  to  the  cardinal  views  (front,  rear, 
left  side,  right  side,  and  bottom);  more  views  are  used 
where  required  for  improved  accuracy.  If  a computer 
is  used,  these  drawings  can  be  used  to  determine  the 
input  data  for  the  computer.  The  drawings  also 
should  provide  data  concerning  the  shielding  offered 
to  individual  target  components  by  other  portions  of 
the  vehicle.  Additional  detailed  drawings  may  be  re- 
quired for  critical  components.  Examples  of  critical 
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EFFECT  OF  FAlLUREON 

CRmCAL  COMPONENT  FAILURE  MODE  A CAUSE  COMPONENT  SUBSYSTEM 

AND  SYSTEM 


TITLE  A FUNCTION 

V.  \ 

■...  ? 

i 

\ 

. < 


TABLE  14-3.  VULNERABILITY  TABLE 


PRESENTED 

SYSTEM  COMPONENT  AREA  (Ap,  ft1) 


FORWARD  FLIGHT 


Singly 

Vulnerable 


Multiply 

Vulnerable 


HOVER  MODE 


Singly 

Vulnerable 


Multiply 

Vulnerable 


Attrition  Forced  Attrition  Forced  Attrition  Forced  Attrition  Forced 
Landing  Landing  Landing  Landing 
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component*  mxy  include: 

a.  Engine  compressor 

b.  Fuel  control 

c.  Engine  oil-cooler 

d.  Transmission  oil-cooler 

e.  Hydraulic  module  and  rarervoir 

f Fuel  crosa-ovcr  valve 

g.  Fuel  call  tump* 

h.  Control  linkage  and  bell  cranks 

i.  Actuator  r 

j.  Crew 

k.  Drive  shafts. 

2.  Kill  Definition.  Attrition,  Forced  Landing, 
Mission  Abort. 

3.  Kill  Criteria.  For  convenience  of  analysis,  the 
helicopter  generally  is  divided  into  distinct  systems 
(i.e.,  crew,  propulsion,  fuel,  flight  controls,  rotor, 
power  train,  etc.).  Each  system  contains  components 
that  are  vital  to  the  successful  operation  of  the 
system.  Damage  to  a single  component  is  said  to  be 
singly  vulnerable.  Components  of  s set  are  said  to  be 
multiply  vulnerable  in  a given  kill  category  if  damage 
to  leas  than  (a- 1)  members  of  the  set  does  not  result 

* is  a helicopter  kill,  but  dsstsgc  to  at  less'  is  members 
| of  the  set  does  result  in  a helicopter  kill.  Although  the 
primary  vulnerability  analysis  is  conducted  for  the 
aircraft  in  forward  flight,  the  list  of  vital  components 
shall  show  the  level  of  kill  for  damage  when  the  heli- 
copter is  in  a hover  mode  of  flight  (see  Table  14-3). 

4.  Probability  of  a Kill  Given  a Hit  (Px  | H)  lor 
Each  Component.  The  designer  assigns  the  PK \H's 
to  all  the  components  and  submits  the  list  for  ap- 
proval to  Ballistic  Research  Laboratories  (BRL)  at 
Aberdeen  Proving  Ground,  Maryland.  Px  |/fs  are 
bawd  on  experimental  firings  on  subject  item,  or  like 
items. 

3.  Presented  Area  (A?).  Once  the  conditional  kili 
probabilities  for  each  component  have  been  ascer- 
tained, it  is  necessary  to  reconsider  the  target  tech- 
nical description  to  determine  component  presented 
areas.  One  of  the  least  complex  and  most  frequently 
used  means  of  obtaining  presented  areas  of  helicop- 
ter component*  employs  a planimeter  to  measure 
them  from  scale  drawings  made  for  each  of  the  prin- 
cipal views  to  be  considered.  Several  computer  pro- 
grams, notably  the  MAGIC  (used  at  BRL)  Program 
and  the  SHOTGUN  program,  have  beer,  developed 
for  obtaining  presented  areas,  as  well  as  shielding  for 
the  components.  During  this  process  of  obtaining 
- presented  area'.,  it  is  necessary  to  consider  the  space 
I orientation  of  the  individual  components  and  evalu- 
ate the  maaking  or  ahieklin;  provided  to  each  com- 
ponent by  the  test  of  the  helicopter  In  general,  any 
shielding  provided  to  a particular  competent  by  the 


ram  of  the  aircraft  will  be  irtOaclsd  ft  a reduction  in 
the  conditional  kill  probnbihtim  for  that  nnmpnaret 
for  all  or  soon  of  the  velocities  ter  a particular  view 
or  views.  This  reduction  of  conditional  kill  prafcn- 
bdiues  applies  for  that  rnaipiiiinnt  Cor  all  or  sens  of 
the  velocities  for  a particular  view  or  views.  This 
reduction  gf  conditional  Ml  probhhttty  is  not  s>- 
betrary  but  is  baaad  on  the  rartdnal  waigjrt  and  vdbo- 
ity  of  tha  threat  after  it  has  perforated  the  staiaMing 
material.  A oootpoaant  may  he  cnnpletriy  didM 
for  some  or  att  of  its  preeaalad  ana  for  one  or  men 
of  the  views  coosutwrod.  If  tine  occurs,  tfaapraaaatod 
area  of  the  nomponeot  for  then*  views  mart  bo 
reducod  lorrsqnritiiiinflly  Whaa  armor  is  employed 
to  protect  aircraft  components,  tha  affect  of  the  ar- 
mor is  analyzed  as  masking.  When  the  armar  is  per- 
forated, behind -plate  efforts  will  be  aoottanmd  for, 
i.e..  Dumber,  weight,  velocity,  aad  direction  of  pieces. 
(For  some  new  types  of  armor,  now  firing  data  wiS  be 
required.)  Data  on  malarial  rtaaMmg  propertin  are 
contained  in  the  dacsiScd  data  on  material  "Thor" 
•erne  of  reports.  Consult  BRL  ooocanuag  this  aub- 
ject 

4.  Vulacrsfels  Area  {A r).  Alter  Iter  wwTiiiiiml  hill 
probabilities  have  been  earimsied  for  the  compo- 
nents of  the  helicopter  and  the  presented  areas  of 
these  components  have  been  determined,  vulnerable 
areas  of  these  components  are  pomted.  For  a given 
threat,  striking  velocity,  and  view,  the  vukwrrbk  ana 
of  a component  is  obtained  from  Eq.  14-1. 

Av-Ar  PX\H  (14-1) 

where 

A y * vulnerable  area  of  component 
Ar  ■ presented  area  of  component 
Pk\H  - component  conditional  kill  probability 

Vulnerable  areas  generally  are  classified  as  one  of 
two  types,  singly  vulnerable  area  or  multiply  vulner- 
able area  for  singly  and  multiply  vulnerable  compo- 
nents. The  singly  vulnerable  arrj  A vj  of  the  system  is 
the  sum  of  the  singly  vulnerable  areas  Art  of  the  com- 
ponents of  the  system. 

Av,  * 4 j.  • ^ t,  ’ I H),  (14-2) 

i-  i i-  l ' 

Only  a limited  amount  of  sublo'aling  may  be  ac- 
complished in  a system  of  multiply  vulnerable  com- 
ponents. If,  for  example,  vulnerable  areas  were  com- 
puted for  a multiply  vulnerable  act  of  components 
forming  a propulsion  system  which  contained  two 
engines,  two  engine  transmissions  aud  two  drive 
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UomhMmT  *■  dM  wshtawhfa  mim  for  H»  ri$« 
sughfa,  tight  aaghm  traswcaiariou  aud  right  d ri?w 
Ml  «dM  ha  aabeetabd  and  the  vuhwrrfris  areas 

far  th>  M i-j'-- 1 ^ 

•add  ha  afar  ad.  Tha  nadh|  iwhtmah  aoaM 
aggpaaaaat  the  « ankb  ami  «i  taa  iahptahat 
■uhayefams  which  famtniaa  togrihfa  as  a wdaadaat 
wkqnfam  (i*.  meMply  tut— ah  la). 

M421  VdaMOrfahehaCMM 
The  panfoi  check  fat  that  foBews  may  be  useful  for 
hawhl  that  Imlaras  an  an  ewinkid.  Diacuse- 
ieat  cf  thaoa  >-au»  aia  loefoad  faa^hktt  thia  hand- 

OOOHlba 

1.  VlkMti. 

A Saat  armor 

b.  HahMt 

c.  Essdy  amor 

d.  Cockpit  amor 

2.  Fmi  Crib: 


h.  lafarnri  tom 

C*  !T 1 ulam  ^Cwaw 

d.  External  foam 

a.  Fin  diaartioo/witinpBrting 

f.  Hydraulic  ran 

g.  Blast  toada 

h.  Multiple  tanks 

3.  Pud  Knaa: 

a.  Tlriif  taalan* 

b.  Shutoff /wutatioe  valvac 

c.  Duplkro^oo/aapantion 

d.  Routing  behind  structure 

4.  Engine  and  Power  Train: 

6.  Swim  urn  pwip 

b.  Salf-aaaling  oil  raaarvoira 

c.  Engine  and  transmission  operation  without 
lubrication 

d.  Damage  tolerant  ahafting 

e.  Damage  to  let  ant  gearboxes  and  transmis- 
•ion* 

f.  Fire  detection/extinguish  ing 

g.  Shielded  fuel  control 
3.  Finish: 

a.  Insignia  or  symbols  that  could  be  used 
as  aim  points  absent  or  subdued. 

b.  Matte/camouflaged  paint  scheme 

6.  Flight  and  Engine  Controls: 

a.  Redundant  mechanical  controls 

b.  Redundant  hydraulic  systems 

c.  Fire  resistant  hydraulic  fluid 

d.  boost  actuators  jam  proof  and  redundant 

7.  Shatterproof  high  pressure  containers 


V 

I.  Structure: 

a.  No  magty  vahraraMe  Kronen 

b.  fast  (hrtanal/exaereal) 

^O^Cwoln^adowa/Dtm 

b.  Flat  plale  caaopy  sad  window  for  coatml 
of  saagHsit 

11.  Rotor  Blades  Radaadaat  Span 

12.  Ebctrical  Syuu  Radmdaf 


MU  VdsiriMhy  Data  Fwirrtillm 

Total  aircraft  vulnerability  for  aH  throats  — 
atrikiag  priorities,  daractsosta,  kite.  ale.  — should  be 
eoasidand  and  psa— fad  ia  a lawmar  that  wil  facili- 
tate evaluation  of  the  net  affects  obtained  by  subs* 

psobabilitin  ^ protection  additioae. 


14314  Akne  A near  Cufamhs  DwrispaasM 
The  objacrivs  of  the  armor  designer  ie  to  minuniar 

I|m  im  nf  tha  na>  wuiidaa  evwwaad  ta  tkr  thaat 

Ettmm  armoring,  however,  advensiy  impnets 


other  essential  craw  station  requirements,  such  as  vi- 
sion and  emergency  egress  Therefore,  several  alter- 
nate armor  configuration  concepts  should  be 
developed  in  accordance  with  MIL  STD-f  2Si  and 
the  effects  of  each  upon  aircrew  helicopter  perform- 
ance should  be  evaluated  similar  to  methodology 
shown  in  Fig.  14-1.  The  configuration  that  beat 
satisfies  the  protection  need  by  producing  the 
smallest  changes  in  system  weight,  crew  virion,  and 
crew  motion  envelopes  while  also  providing  the 
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an  optimum  integrated  armor  system.  Surveys  of 
experienced  Army  aviators  should  not  be  over- 
looked as  a possibility  in  achieving  a balanced  con- 
figuration. 

The  armor  configuration  that  is  most  widely 
accepted  consists  of  an  armored  seat  bucket,  in- 
dividually worn  chest  protector,  and  supplemental 
airframe  mounted  pistes. 


14-3.7.5  Armor  Material  Selection 
Testing  and  evaluation  of  armor  materials  are 
generally  unnecessary  for  the  selection  of  optimum 
armor  with  the  lowest  possible  weight.  Refer  to 
Chapter  2 for  guidance  on  selection.  All  aimor 
materials  shall  be  qualified  in  accordance  with 
USAAVSCOM  specification  1560-MULTI-C01,  Pro- 
curement Specification  for  Lightweight  Aircraft  Ar- 
mor. 
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HUMAN  IWUT  VARIABLES 


REQUIREMENTS 
o PERFORMANCE 

• VISION 

""anthropometwc  omb<sions  of 

AIRCHgMEN  <5TH  A 9STH  PERCENTILES) 

BODY  HINGE  POINTS 

• LOCATION 

• EXCURSION 

• REFERENCE  POINTS 


AIRCRAFT  INPUT  VARIABLES 

BASIC  AIRCRAFT:  

REQUIREMENTS7!.  IMITATIONS 

• TYPE 

• MISSION 

• PERFORMANCE 

COMPONENTS: 

AIRCRAFT  SHiaOING  COMPONENTS 

• INSTALLATION 

• DIMENSIONS 

• BALLISTIC  CHARACTERISTICS 

CREW  STATION: 

CREW  STATION  VOLUME 

• INSTALLATION 

• DIMENSIONS 


STUDY  PACKAGE 
AIRCRAFT 

PERFORMANCE  MATRIX 
AIRCREW 

"PROTECTION  NEED* 
MATRIX 

“aircraft  configuration” 
CREW  STATION  GEOMETRY 
CREW  MOTION  ENVELOPE 


REFERENCE  POINTS 

_ rwr 


It 

• SEA1 


• CONTROLS 


DISPLAYS 

• INSTALLATION 

• DIMENSIONS 


CONTROLS 

• INSTALLATION 

• SHAPE 

• DIRECTION 

• LIMHS 

FIXTURES 

• WINDSCREEN  • STRUCTURE 

• SEATS  • EXITS 

• HARNESS  SYSTEMS 
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IUS  ARMOR  INSTALLATION  DESIGN 
CONSIDERATIONS 

Tte  bask  approaches  to  the  armor  type  protection 
of  helicopters  from  ground  tire  consist  of: 

1.  Placement  of  amor  in  very  dose  proximity  to 
the  component  for  which  protection  is  required. 

2.  Incorporation  of  armor  into  the  vehicle  struc- 
ture or  into  the  component  structure 

3 Consideration  of  benefits  gained  (if  any)  from 
the  ehtotdang  (masking)  effects  of  helicopter  structure 
and/or  components. 

These  basic  approaches  have  been  divided  into  three 
principal  passive  protection  concepts  — integral  ar- 
mor, parasitic  armor,  and  indigenous  armor. 

Integral  armor  consists  of  armor  incorporated  into 
the  aircraft  as  a replacement  for  component  structure 
(•.§.,  hydraulic  actuator  housings,  which  ere 
fabricated  from  armor)  or  for  existing  load-carrying 
structure.  The  most  obvious  use  of  the  integral  armor 
concept  is  in  the  floor  of  an  aircraft  having  relatively 
small  crew  stations  and/or  areas  of  vulnerable  com- 
ponents. Integral  armor  can  be  expected  to  be  heavy, 
and  thus  is  limited  generally  to  smaller  installations. 
The  reason  for  the  inherently  higher  weight  of  inte- 
gral armor  is  that  it  is  generally  metallic.  The  ceramic 
oompoettet  and  other  nonmctallic  materials  are  not 
well  suited  for  use  as  load-carrying  members  because 
of  their  lack  of  strength  or  low  ductility.  Also, 
became  integral  armor  is  by  definition  a permanent 
installation,  materials  having  poor  multiple-hit-pro- 
taction  capability  are  not  suitable.  Permanent  or  inte- 
gral armor  should  be  made  from  materials  that  have 
the  capability  to  withstand  multiple  hits,  and  that  can 
be  repaired  in  some  manner  without  the  necessity  for 
removing  structure  or  components 

Parasitic  armor  is  attached  in  some  manner  to  the 
helicopter  structure.  It  provides  only  ballistic  protec- 
tion, and  does  not  function  is  a locd-carrying 
member.  This  concept  pro  ides  mere  flexibility  in  the 
selection  of  material*  than  do  the  integral  and  in- 
digenous armor  concepts.  There  are,  however,  po- 
tential drawbacks,  including  the  need  for  sufficient 
structural  hard-points  for  adequate  attachment  of  ar- 
mor, the  necessity  for  strengthening  of  backup  struc- 
ture; interference  with  access  doors  and  other  items 
essential  to  the  proper  use  of  the  helicopter;  and  the 
establishment  of  realistic  tolerances  to  allow  armor 
panel  interchangeability  in  the  field  between  helicop- 
ters of  the  seme  type.  When  parasitic  armor  is  in- 
stalled on  the  exterior  of  the  helicopter,  crashworthi- 
ness is  not  affected  particularly.  However,  if  the  ar- 
mor panels  are  located  in  the  interior  of  the  helicop- 
ter, design  of  the  bracket ry  and  attachments  is  dic- 
tated by  a crash-load  criterion.  Convertibility  to 


peace-time  operation  is  en  attractive  feature  of  a 
parasitic  armor  installation. 

Indigenous  armor  refers  to  the  benefits,  if  any,  that 
may  reeult  from  shielding  of  the  critical  component 
by  aircraft  equipment  or  structure  that  normally  is 
located,  or  possibly  may  be  relocated,  between  the 
projoctile  and  the  component  which  requires  protec- 
tion. 

The  suggested  technique  is  to  take  maximum  ad- 
vantage of  the  structure  and  equipment  of  the  heli- 
copter in  providing  ballistic  protection  for  the  item. 
This  involves  accounting  for  the  indigenous  protec- 
tion that  is  inherent  to  the  original  helicopter  config- 
uration, as  well  as  relocating  equipment  to  improve 
the  protection.  Consideration  is  best  given  to  ballis- 
tic protection  in  the  preliminary  configuration  design 
stage.  Under  the  impact  of  a projectile,  certain  items 
of  equipment  and  structure  will  create  fragments  and 
splinters  that,  while  they  are  not  lethal  individually, 
will  form  a pattern  covering  a large  area,  thus  greatly 
increasing  the  probability  of  a petsonnel  hit.  Other 
items  will  srrest  the  projectile  energy  completely  and 
give,  thereby,  100%  ballistic  protection.  The  fact  that 
the  net  effect  of  indigenous  materials  may  be  either 
positive  or  negative  indicates  the  uiiTiCuity  of  devising 
a method  for  employing  indigenous  armor.  Consult 
BRL  concerning  data  relative  to  the  ballistic  prop- 
erties of  various  structural  materials.  Refer  to 
Volume  II,  Ref.  5 for  the  behavior  of  fuel  cells  as 
masking. 

14*33.1  Aircrew  Torv>  Armor 

Service  experience  with  seat  mounted  torso  armor 
(chest  protection)  has  been  unsatisfactory  and 
resulted  in  the  development  of  the  individually  worn 
armored  vest.  Armored  seats  and  restraints  shall  be 
designed  to  interface  with  these  vests  and  use  them  as 
the  forward  protection.  US  Army  Natick  Develop- 
ment Center,  Natick,  MA,  is  responsible  for  this 
equipment  and  details  may  be  obtained  from  there. 

14*333  iMcrchBBgeabtllry 

Armor  of  identical  location  shall  be  interchange- 
able between  helicopters  of  the  same  model.  If  armor 
for  more  than  one  level  of  protection  is  provided, 
both  should  be  interchangeable  (see  MIL-1-8500). 

14333  Remo*  ability 

E-.erps  for  the  integral  armor,  each  component  of 
the  armor  system  should  be  capable  of  being  removed 
by  a maximum  of  two  men,  using  tools  normally 
found  in  line  maintenance  areas. 

Parasitic  armor  should  be  removable  in  order  to 
permit  inspection,  repair,  and  maintenance  and  to 
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provide  access  to  masked  components.  Consideration 
should  be  given  to  the  removal  problems  associated 
with  combat  operations.  The  design  of  armor  should 
take  maximum  advantage  of  the  modular  concept 
with  respect  to  size  and  contour. 

The  maximum  weight  of  a single  piece  of  armor 
should  not  exceed  80  lb.  Where  the  working  area  is 
restricted  by  existing  structure  and/or  equipment,  the 
weight  should  be  reduced  accordingly. 

Transparent  armor  should  be  readily  replaceable 
and  deanable.  Removal  should  be  possible  without 
disturbing  the  fire-control  system. 

Each  component  of  the  armor  system  which 
requires  three  or  more  hours  for  removal  should  be 
considered  as  structural  or  integral.  Such  armor 
should  be  evaluated  as  part  of  the  helicopter  struc- 
ture with  respect  to  load-transmission  characteristics 
and  fatigue  life. 

14-3.3.4  Flyiag  Qcalttks 
The  removal  of  armor,  partial  or  total,  should  not 
adversely  affect  the  flying  qualities  of  the  helicopter. 
The  use  of  ballast  should  be  avoided. 


14-33.5  Iran 

Immobilization,  as  related  to  armor,  is  defined  as 
rendering  any  moving  part  of  a structure  immovable 
following  ballistic  attack.  The  three  most  common 
types  of  immobilization  arc  burring,  keying,  and 
deformation. 

The  edges  of  pieces  of  armor  may  become  cracked 
or  tom  as  a result  of  projectile  impacts.  When  two  ar- 
mor surfaces  are  very  close  together  their  tom  edges 
may  come  in  contact  with  one  another.  The  resultant 
burring  often  causes  immobilization,  because  the 
raised  edges  prevent  or  restrict  movement.  Keying 
occurs  when  a projectile  or  fragment  becomes 
wedged  between  two  surfaces,  or  when  a projectile 
penetrates  one  surface  and  partially  penetrates  the 
other  surface  so  as  to  lock  or  “pin”  the  two  movable 
parts  together.  Deformation  results  when  projectile 
impacts  swell  the  metal  or  push  it  out  of  shape,  thus 
jamming  moving  surfaces  together  or  otherwise 
preventing  normal  operations. 

Protection  egainst,  or  insensitiveness  to,  these 
types  of  immobilization  always  must  be  considered  in 
designing  moving  parts.  In  tome  cases,  the  use  cf  pro- 
jectile deflector  strips  prevents  immobilization.  A 
large  clearance  between  moving  parts  also  offers  pro- 
tection against  immobilization. 

1 4-33.4  Armor  Material  Attachmeat/lmtallathNi 
143344  Mot  lag  of  Aimer  Plate 
Armor  plate  shall  be  mounted  on  strong,  rigid 


structural  members  or  on  energy  attenuating 
mem  bcis  that  are  designed  to  reduce  the  peak  impact 
loads  thereby  reducing  the  structural  requirements 
and  hence  the  weight  of  local  airframe  structure.  De- 
flection of  the  armor  shall  be  considered  in  deter- 
mining space  allowances.  Wherever  possible,  moun- 
tings should  be  on  the  rear  side  of  the  armor  plate 
(remote  from  the  anticipated  direction  of  attack). 
This  arrangement,  which  is  advantageous  from  the 
strength  viewpoint,  also  prevents  damage  to  the 
mountings  from  gunfire. 

Refer  to  Pigs.  19  and  20,  Ref.  3,  for  armor  attach- 
ment methods. 

The  structure  and  brackets  for  armor  support 
should  exhibit  sufficient  strength  to  withstand  the 
normal  loads  of  flight,  gust,  blast,  and  landing,  as 
well  as  crash  losds.  The  strength  of  hinges,  lodes,  and 
fasteners  on  doors  and/or  removable  inspection  pan- 
els should  be  maintained  at  the  design  level.  The 
added  weight  of  the  armor  should  not  stretch  springs, 
damage  hinges,  or  warp  doors  or  panels  to  which  ar- 
mor is  attached.  The  attachments  should  retain  suffi- 
cient strength  after  the  limit  load  imposed  by  ballis- 
tic impact  to  withstand  flight  loads  without  breaking 
loose  or  incurring  additional  deformation  that  would 
cause  interference  with  any  critical  component.  The 
bracketry  may  be  designed  to  yield  under  limit  load. 
When  armor  such  as  hard-faced  steel  must  be 
oriented  in  a particular  manner,  attachment*  should 
be  positioned  to  preclude  improper  installation.  The 
sizing  of  fasteners  is  determined  most  conveniently  by 
gunfire  tests. 

When  practicable,  the  armor  attachments  should 
be  designed  to  take  the  impact  loads  in  compression 
or  shear,  but  not  in  tension. 

Armor  should  be  attached  at  three  or  more  points 
having  sufficient  strength  to  support  the  armor  and 
to  withstand  normal  operational  loads  in  the  event 
one  attachment  point  is  shot  away. 

The  standoff  space  provided  by  the  armor  attach- 
ments should  be  such  that  any  deformation  and/or 
deflection  of  bracketry  and  armor  will  not  cause  in- 
terference with  the  functioning  of  the  armor-critical 
component. 

14-33.43  Uatallation  Design 

The  installation  of  armor  shall  not  preclude  the 
rapid  egress  of  the  crew  in  emergency  situations. 

Metallic  armor  should  have  no  discontinuities  or 
rough  edges  that  might  set  up  stress  raisers.  All  edges 
should  be  broken  or  debarred  in  order  to  prevent 
delayed  cracking. 

Ceramic  composite  armor  should  not  be  used  for 
primary  aircraft  structure. 


14-19 


mcp  706-202 


Shock-susceptible  components  should  not  be 
mounted  on  armor  panels.  After  ballistic  acceptance 
testing,  no  thermal  processing  is  permissible  without 
re  verification  of  conformance  with  the  ballistic 
acceptance  limits.  Deviation  from  this  requirement 
shall  be  subject  to  review  and  approval  by  the  pro- 
curing activity. 

Armor  should  not  be  attached  by  methods  that 
transmit  the  impact  shock  from  the  armor  to  the 
critical  component. 

In  general,  the  following  detailed  installation  re- 
quirements should  be  met: 

1.  Use  fiat  plates  except  where  a simple  curved  or 
bent  shape  is  advantageous  in  gaining  angular  pro- 
tection or  weight  savings. 

2.  All  armor  installations  should  provide  space  for 
a possible  future  increase  of  50%  in  armor  thickness. 

3.  Avoid  the  use  of  cutouts  or  holes  in  any  portion 
of  the  plate  for  supporting  or  clearing  miscellaneous 
apparatus. 

4.  Do  not  allow  any  cutting  or  burring  after  the 
final  delivery  from  the  armor  manufacturer's  plant 
since  this  may  locally  degrade  the  ballistic  capability. 

14-3J4J  BnVet  Spbub  aad  Spoil 

Bullet  splash  is  defined  as  particles  of  the  projec- 
tile formed  from  the  impact  against  armor.  With  steel 
armor  the  splash  tends  to  travel  along  the  surface  of 
the  armor,  much  like  the  flow  of  a fluid.  Bullet  splash 
is  dangerous  to  the  eyes  end  bodies  of  the  crew,  and, 
when  sizable  particles  are  included,  can  cause  damage 
to  equipment.  The  effective  methods  of  providing 
protection  against  bullet  splash  are  to  deflect  it  away, 
to  trap  it,  or  to  turn  it  back  along  its  original  course 
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Any  steel  armor  in  such  a position  that  it  could 
direct  secondary  or  bullet  splash  fragments  into  vital 
components  shall  be  provided  with  flanges,  spall 
shields,  or  aploah  strips  (peripheral  fences)  to  deflect 
these  particles. 

Spall  is  the  fragmentation  of  the  armor,  either  on 
the  impact  side  or  on  the  reverse,  with  or  without 
complete  penetration  of  the  armor.  The  armor 
materials  listed  in  Chapter  2 feature  adequate  spall 
resistance,  with  the  exception  of  the  ceramic  com- 
posites. The  remedial  action  is  to  overlay  the  exposed 
ceramic  facing  with  a bonded  layer  of  ballistic  nylon 
doth  and,  where  required,  to  curl  the  backing  up 
beside  the  tile  at  panel  edges. 

The  splash  or  spall  produced  on  ceramic  compos- 
ite armor  tends  to  form  a rather  narrow  cone 
centered  about  the  projectile  (light  path. 
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CHAPTER  15 

maintenance  and  ground  support 

EQUIPMENT  (GSE)  INTERFACE 


15-1  INTRODUCTION 

This  chapter  contains  basic  guidelines,  considera- 
tions, and  requirements  that  must  be  followed  by  the 
design  engineer  to  insure  satisfactory  interfaces  be- 
tween the  helicopter  and  its  required  maintenance 
ground  support  equipment  (GSE).  The  design  guide- 
lines presented  herein  arc  based  upon  Army  circu- 
lars, regulations,  and  policy  manuals  related  to 
operation  and  maintenenace  support  of  supplies  and 
equipment. 

GSE  interface  design  must  consider  standard  items 
of  GSE  and  the  maintenance  personnel  capabilities 
available  within  the  Army’s  system,  and  must  be  in 
consonance  with  the  Army’s  maintenance  support 
policy.  Specific  maintenance  and  GSE  interface 
design  provisions  should  use  built-in-test  equipment 
(BITE),  where  feasible,  and  must  improve  efficiency 
in  the  use  of  GSE  at  each  maintenance  level.  When 
incorporated,  these  interface  design  considerations 

Jana  requirement*  will  minimize  the  time  required  fur 
turn-around  servicing,  maintenance,  and  repair;  thus, 
maintainability  of  the  helicopter  will  be  improved. 

As  used  in  this  chapter,  the  term  GSE  includes  all 
equipment  ncer'ed  to  service,  inspect,  lest,  adjust, 
calibrate,  fault  isolate,  measure,  assemble,  disas- 
semble, handle,  transport,  safeguard,  store,  repair, 
overhaul,  maintain,  and  operate  the  helicopter  and  its 
installed  subsystems  but  excludes  personnel  equip- 
ment, office  furniture  and  equipment,  and  common 
production  tools  end  tooling. 

15-2  DESIGN  CONSIDERATIONS  AND 
REQUIREMENTS 

The  requirement*  for  GSE  interfaces  must  be  con- 
sidered from  the  inception  of  the  helicopter  design. 
Reliability,  maintainability,  serviceability  and  self- 
test features  must  be  designed  into  the  helicopter  and 
its  installed  subsystems  to  minimize  the  costs  of 
maintenance  facilities  and  manpower. 

Human  factors  considerations,  safety,  and  accessi- 
bility must  be  included  in  the  initial  design.  Simi- 
larly, standardization  of  equipment  parts  must  be 
emphasized,  beginning  with  design  inception. 
Designs  should  conform  to  the  human  engineering 
principles  and  criteria  of  MIL-STD-1472. 

- Equipment  arrangements  should  minimize  the 

j need  for  removing  equipment  when  servicing  is  per- 
formed. Design  considerations  should  include  anaiy- 
\ sis  of  the  operational  deployment  requirements. 


along  with  related  climatic  and  environmental  fac- 
tors. Helicopter  and  subsystem  installations  should 
be  designed  to  permit  personnel  wearing  heavy  gloves 
and  clothing  to  perform  maintenance  in  cold  di- 
mates.  Instruction  markings  should  be  legible  and 
placed  so  that  they  are  viewed  easily.  The  design 
should  permit  ground  servicing  by  maintenance  per- 
sonnel with  a maximum  of  safety  and  a minimum  of 
skill.  The  design  must  assure  that  personnel  with 
minimum  training  and  average  mechanical  abilities 
can  perform  the  required  servicing,  maintenance,  and 
repair  of  the  helicopter  and  installed  equipment. 
Sharp  projections  that  may  injure  personnel  during 
operation  or  servicing  must  be  eliminated.  Vital  com- 
ponents must  be  protected  to  prevent  damage  during 
servicing. 

15-2.1  SAFETY 

Safety  it  a principal  consideration  in  the  design  of 

HCC  mtarfnnSM  intn  fhm  knli/wntrr  ivktMm  HSF  iflttftr. 
Wle  ■■•HMiwwwn  wwwf  1 ■ — 

face  design  shall  conform  to  system  safety  criteria, 
principles,  and  tcchni  ]ues  as  defined  in  M1L-STD- 
882  and  Chapter  3.  AMCP  706-203.  The  objectives 
are  maximum  safety  consistent  with  military  opera- 
tional requirements;  control  of  hazards  to  protect 
personnel  and  equipment;  and  identification,  elimi- 
nation, or  control  of  hazards  associated  with  each 
system,  assembly,  or  subassembly.  These  con- 
siderations should  include,  but  not  be  limited  to,  the 
following: 

1.  Human  factors 

2.  Levei  of  training  required  fui  safe  servicing  and 
maintenance 

3.  Characteristics  of  fuels  and  hydraulic  fluids, 
and  their  hazard  levels  during  storage,  transporta- 
tion, and  handling 

4.  Containment  of  electrical  and  radio  frequency 
energy  and  appropriate  warnings 

5.  Protection  of  pressure  vessels  and  associated 
piping 

6.  Classification  of  hazards  resulting  from  es- 
sential use  of  explosives. 

Particular  attention  must  be  given  to  possible  .cal- 
functions  that  could  create  hazards,  and  appropriate 
design  features  must  be  incorporated  to  eliminate  or 
control  these  hazards. 

General  rules  to  be  followed  in  safety  design  are: 

1 . Clearances  must  be  provided  to  permit  the  in- 
terconnection of  fuel  and/or  oil  fill  lioes,  along  with 
electrical  connections. 
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2.  Appropriate  valves  must  be  provided  to  permit 
safe  servicing  in  cases  where  pleasure  is  maintained, 
as  in  pneumatic  and  hydraulic  systems. 

3.  Electrical  connectors  must  be  keyed  to  pre- 
clude incorrect  interconnection,  and  the  installation 
must  prevent  arcing  and  exposure  of  hot  pins. 

4.  Ground  receptacles  must  be  provided  to  insure 
a common  ground  and  to  eliminate  any  electrical  po- 
tential difference  between  the  helicopter  and  GSE. 

5.  Guards  and  warnings  must  be  provided  in  situa- 
tions where  explosive  devices  arc  installed  or  where 
high  electrical  potentials  are  present  or  for  other  po- 
tentially sudden  and  serious  hazards. 

6.  Interlock  switches  and  devices  must  be  pro- 
vided as  necessary. 

7.  Connections  should  be  quick  disconnect  type, 
vibration  proof,  and  not  require  aafetywire. 

15-2-2  ACCESSIBILITY 

The  designer  should  emphasize  ease  of  servicing, 
testing,  removal,  and  replacement  of  all  equipment. 
Inaooeaaible  and  complex  structural  arrangements 
must  be  avoided.  Moreover,  the  designer  should  con- 
sider sectioning  the  helicopter  structure  for  ease  of 
transportation,  handling,  and  replacement  in  the 
Field. 

Except  where  weight,  structural  integrity,  or  stiff- 
new  arc  overriding  considerations,  assemblies  sub- 
ject to  periodic  removal  should  be  attached  with 
quick-disoonnect  fasteners  of  an  approved  type 
rather  than  with  bolts  or  screws.  Tool  clearance  must 
be  provided  for  installing  and  removing  lines,  nuts, 
bolts,  and  other  fasteners.  Where  the  use  of  tools  is 
restricted  because  of  remote  location,  temperature,  or 
other  factors,  fasteners  such  as  self-locking  plate  nuts 
or  anchor  nuts  should  be  uaed  to  allow  single  sided 
wrenching. 

If  lubrication  is  required.  Fittings  must  be  located 
where  access  is  possible  using  standard  Army  GSE 
without  the  need  for  special  adapters.  If  positional 
adjustment*  are  noeded,  the  design  should  permit  un- 
obstructed adjustment  over  the  complete  range  of 
component  movement. 

Accessibility  for  the  3th  to  93th  maintenance  per- 
sonnel should  be  provided  for  items  subject  to  pre- 
flight inspections  and  servicing.  Similarly,  emphssis 
should  be  placed  upon  asceuibility  of  all  com- 
ponents subject  to  normal  maintenance.  Such  items 
include  Fill  and  drain  plugs,  filter  elements,  valves, 
switches,  and  other  field-replaceable  assemblies. 

Large,  quick-opening  access  doors  and  ample 
space  should  be  provided  for  servicing  of  engine  ac- 
cessories and  replacement  of  components.  The  de- 


stination of  engines),  transmission!*),  rotorfs),  and 
propel  ler(s). 

To  the  extent  practicable,  the  helicopter  design 
should  permit  complete  preflight  inspection  without 
the  use  of  special  stands  or  ladders.  Integral  nonskid 
steps,  handholds,  and  work  platforms  should  be  in- 
corporated to  facilitate  maintenance.  Similarly,  utili- 
ty systems  should  have  quick-access  provision*  so 
that  they  cun  be  serviced  without  special  GSE,  pre- 
ferably from  ground  level. 

Arrangements  that  require  special  tools  or  re- 
moval of  other  equipment  to  accomplish  an  aviation 
unit  level  interchange  (removal  and  replacement) 
should  be  avoided.  If  it  is  necessary  to  place  ere  unit 
behind  another,  the  unit  requiring  Icss-froquent 
access  should  be  located  to  the  rear.  Except  for  pro 
tocrion,  or  other  valid  reasons,  equipment  requiring 
periodic  inspection,  sendee,  or  replacement  shoulo 
not  be  placed  behind  or  under  structural  members  or 
other  items  that  arc  difficult  to  remove  or  that  can  be 
damaged  readily.  Equipment  should  be  isolated  from 
sources  of  fluids  or  din. 

The  designer  should  provide  built-in  check  points 
to  simplify  the  connection  of  fault-isolating  test 
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service  and  maintenance  personnel  to  accomplish 
their  tasks  without  working  in  awkward  positions. 

Maintenance  at  the  intermediate  support  and  de- 
pot levels  will  involve  the  use  of  automatic  teat  equip- 
ment (ATE)  v-'tocn  this  is  feasible  and  cost-effective. 
The  helicopter  system  equipment  and  components 
must  contain  the  necessary  test  points  to  interface 
with  ATE.  End  items  of  equipment  should  be  de- 
signed to  have  the  test  points  required  to  permit  per- 
formance evaluation  and  diagnostic  tests  — con- 
sistent with  the  policy  of  returning  the  helicopter  to 
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placement  of  modules  — limited  pieoe-part  replace- 
ment, and  repair  of  designated  direct  exchange  (DX) 
modules  by  replacement  of  external  parts  or  use  of 
authorized  repair  kits.  In  turn,  modules  should  have 
sufficient  test  points  to  permit  performance  evalua- 
tion and  diagnostic  teats  i»  accordance  with  Army 
policies  and  practices  for  depot  repairs. 


15-2.3  STANDARDIZATION 

Ground  sup)  ort  equipment  interface  designs 
should  consider  two  levels  of  standardization; 

1.  Equipment  lew!.  Standard  GSE  Items  (MIL- 
HDBK-300  and  DA  Pamphlet  700-20). 

2.  Parts  and  Materials  level.  Military  Standard 
(MS,  AN,  AND,  etc.).  Military  Specification 
Qualified  Products  Lists  (QPL). 


signer  also  should  provide  for  quick  removal  and  in- 


Such  standards  should  be  used  in  preference  to 
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tpcukl  commercial  parts  or  designs  serving  the  same 
or  basically  the  same  function.  To  the  extent  that  per- 
formance is  not  compromised,  helicopter  design 
should  permit  servicing  and  maintenance  at  all  levels 
with  equipment  standardized  for  Army  use.  Electrical 
connectors,  fill  plugs,  fittings,  and  other  interfacing 
items  should  permit  connection  of  standard  GSE 
without  the  use  of  special  adapters. 

Where  items  require  modification  in  order  to  per- 
form the  required  function,  the  designer  should  speci- 
fy tools  and  tooling  that  will  comply  with  Govern- 
mental specifications  and  documents  relating  to 
materials,  processes,  equivalent  tolerances,  and  size. 
The  designer  should  eliminate,  where  possible,  the 
requirements  tor  new  or  special  tools  for  use  on  new 
helicopter  systems. 

Th:  designer  should  reflect  decisions  cf  Optimum 
Repair  LcvJ  Analysis,  based  on  Army  main- 
tenance/support policy  in  the  maintenance  and  GSE 
interface  design.  Equipment  should  be  designed  for 
testing  at  the  indicated  levels,  giving  consideration  to 
the  interface  with  standardized  Army  test  equip- 
ment. 

The  design  of  individual  black  boxes  should  per- 
mit their  serviceability  on  the  helicopter  to  be  de- 
termined by  means  of  self -corttainou.  gu/ no-go  test 
circuitry.  The  circuit  loops  of  multi  black-box  sub- 
systems should  be  contained  in  a single  box.  This  will 
eliminate  the  need  for  calibration  adjustments  at  the 
helicopter  level  and  will  permit  the  use  of  simple, 
light  weight,  go/no-gu  circuits. 

15-2.4  HUMAN  ENGINEERING 

Maintenance  personnel  having  a minimum  of 
training  and  relatively  low  skill  levels,  and  some- 
times working  under  adverse  climatic  and  environ 
mental  conditions,  are  employed  to  provide  the 
needed  service,  maintenance,  and  repar  of  the  heli- 
copter and  installed  systems.  Therefore,  designs  must 
be  based  upon  the  proper  allocation  of  man- 
equipment  performance  for  system  operation,  main- 
tenance, and  control.  Thus,  designs  should  allocate 
functions  to  optimize  performance,  minimize 
operational  constraints,  and  minimize  operating  and 
maintenance  costs.  Human  Factors  Engine  ring 
(HFE)  design  criteria  principles  and  practices  may  be 
found  in  M1L-STD-1472  and  MIL-H-46855.  Goals 
to  achieve  include: 

1.  Achieve  satisfactory  performance  by  operator, 
control,  and  maintenance  personnel. 

2.  Reduce  skill  requirements  and  training  time. 

3.  Increase  the  reliability  of  personnel-equipment 
combinations. 

4.  Foster  design  standardization  within  and  a- 
mong  systems. 


Human  engineering  specialists  should  interpret  the 
design  to  define  HFE  problem  areas  and  provide 
solutions. 

Populations  for  dewgn  should  be  specified.  During 
the  iterative  process  of  design,  existing  critical  main- 
tenance tasks  shell  be  defined  and,  when  possible,  eli- 
minated. 

AFSC  Personnel  Subsystems  1-3  provide  specific 
criteria  for  human  engineering  design  requirements. 

15-2 £ INSPECTION,  TEST,  AND  DIAGNOSTIC 
SYSTEM 

The  need  for  increased  tactical  mobility  requires  ef- 
ficient methods  for  inspection,  test,  diagnosis,  and 
prognosis  in  the  tactical  operating  environment.  A 
design  objective,  when  requested  by  the  procuring  ac- 
tivity, is  to  provide  an  automatic  inspection,  test,  and 
diagnostic  system  capable  of  diagnosing  malfunc- 
tions automatically,  warning  of  impending 
mechanical  failures,  minimizing  manual  inspections, 
and  permitting  helicopter  components  to  be  changed 
on  the  basis  of  condition  rather  than  of  time.  This 
objective  may  be  modified  by  state-of-the-art,  mis- 
sion, and  weight/ volume  restrictions. 

The  automatic  inspection.  test.  and  diagnostic 
system  should  serve  the  following  dements: 

1.  Lngmc(»)  and  accessories 

2.  Fuel  subsystem 

3.  Oil  subsystem 

4.  Rotor  group,  including  main  and  tail  rotor 
transmissions,  propellers 

3.  Flight  control  subsystem 

6.  Electrical  subsystem 

7.  Essential  avionics 

8.  Hydraulic  subsystem 

9.  Airframe  (critical  stress  area) 

10.  AnrASir.es:  subsystem. 

Appropriate  sen  -ors  should  be  installed  per- 
manently in  the  helicopter  and  in  major  system  com- 
ponents, as  applicable.  Sensor  media  may  include, 
but  are  not  limited  to,  temperature,  pressure,  vi- 
bration, acceleration  forces,  liquid  flow,  electrical 
continuity,  electronic  characteristics,  and  vapor  de- 
tection. Sensor  outputs  should  terminate  in  a quick- 
disconnect  outlet  in  the  vicinity  of  the  ground  power 
connector  terminal.  The  sensor  outlet  will  interface 
with  GSF  capable  of  processing  sensor  data  outputs 
automatically. 

IS-3  PROPULSION  SUBSYSTEM  IN- 
TERFACES 

15-3.1  GENERAL 

A proulsion  system  consists  of  the  engine  or 
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points  a*  required  to  accomplish  diagnostic  testing 
compatible  with  the  overall  helicopter  test  and  diag- 
nostic system  (par.  13-2.5). 
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eaginas.  air  Induction  su  hey  stem,  exhauet  subsystem. 
Aisl  and  lubrication  subsystems,  suiting  subsystem, 
controls,  transmission  subsystem,  and  APU  (if  ap- 
ptioabis).  Inesriboa  design  considerations  outlined  in 
par.  15-2  shall  apply.  Specific  design  attention  must 
be  given  to  maintainability  objectives  and  must  in- 
duds  quick-change  capabilities  and  accessibility  for 
visual  inspections,  maintenance,  and  aarvicing.  Ad- 
ditional propuMon  system  design  criteria  arc  avail- 
able in  Chapter  3 and  in  Chapter  8,  AMCP  706-201 . 

154J  INTERCHANGEABILITY/QUICK- 
CNANGC 

Only  engine  components  and  accessories  shall  be 
mounted  on  the  engine.  Design  objectives  include 
component  and  accessory  arrangements  that  facili- 
tate intrmhangeebility.  Engine  components  and  ac- 
oemories  (hat  very  with  installations  will  be  re- 
movable in  kit  form  to  achieve  interchangeability  at 
minimum  maintenance  cost.  Interchangeability  re- 
quirements are  outlined  in  MIL-14500. 

Helicopter  operational  availability  Is  sensitive  to 
engine  change  requirements.  Therefore,  engine  a>  - 
ccerory  packs  or  modules  should  be  designed  for  at 
tachroem  to  the  engine  to  form  s complete  engine  as 
fivuibij.  Thv  ‘™|'~  Of  the  bmCupUr  GSuii  iiluw  fCi 
installation  and  removal  of  the  engine  assembly  as  a 
single  unit.  To  reduce  life-cycle  maintenance  costs, 
ease  of  removal  and  reinstallation  of  the  engine  as- 
sembly from  the  propulsion  system  must  be  a princi- 
pal design  objective.  Quick-change  capability  should 
be  achieved  with  a minimum  of  special  tools. 

1544  CONNECTORS  AND  DISCONNECT 
POINTS 

Approved,  standard,  quiek-diaccnnoct  mechanical 
and  etecthcai  couplings  shew  be  used  as  required. 

Automatic  shutoff  couplings  in  accordance  with 
MIL-CUU  shall  be  employed  with  fluid  bncs  to  re- 
duce giuge  and  contamination  during  propuh'on- 
Sy'afesm  maintenance.  For  ease  of  alignment  and  nmi- 
mum  qukk-cfaaaga  times,  MS  28741  flexible  boee,  or 
the  equivalent,  should  be  used  for  fluid  lines  between 
the  propulsion  system  and  the  firewall.  MIL-II-25579 
apptka  to  hoses  for  high- tempera  lure  location.  The 
number  of  connector  and  coupling  types  shall  be 
asMmbad.  Selection  of  electrical  connector*  k des- 
cribed in  MIL-STD-1353. 

!M4  INSPECTION  AND  TEST  POINTS 

Session  incorporated  within  the  propulsion  sys- 
tem will  provide  for  real-time  readout  of  cngine(s) 
and  subeystsm(s)  condition,  performance,  and  ef- 
ficiency. Sensors  a kali  be  provided  at  additional 
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1*43  OIL,  FUEL,  AND  LUBRICATION 


Oil  system  drain  valves  she//  allow  gravity  drain- 
age dear  of  the  helicopter.  In  addition,  the  valves  will 
be  self-locking  to  preclude  accidental  loss  of  fluid. 

The  design  of  fuel -servicing  area*  shall  permit  easy 
and  thorough  cleaning.  Areas  shall  be  marked  dear- 
ly Mfor  fuel  only"  and  designated  as  to  type  or  types 
of  fud  as  appropriate.  Filler  connection  designs  will 
predude  the  accidental  connection  of  water  hoses 
with  those  carrying  other  fluids.  AH  fud  tanks  must 
be  capable  of  being  drained  completdy  and  purged 
while  on  the  ground. 

Permanently  lubricated  hardware  will  be  used 
wherever  possible.  Required  grease  fittings  should  be 
designed  in  accordance  with  MIL-F-3541,  MS  15000, 
15001,  and  15002. 


1544  GROUNDING 

A static  electricity  discharge  path  to  ground  must 

L.  sL.a..aL  sL_  i ■: r 1 «.  j 

w pivnwy  uuvu^ti  ute  miuiiii  Ml,  ui  wirauw 

landing  gear,  an  external  ground  wire.  An  MS  33645 
receptacle  for  grounding  the  refueling  nozzle  should 
be  instaUcd  not  more  than  42  in.  nor  less  than  12  in. 
from  the  fiUer  opening  for  gravity  fueling  systems  on- 
ly. Provisions  must  be  made  to  ground  the  airframe 
through  skids  or  other  means  prior  to  any  servicing, 
reftieling/roarming,  etc. 


154.7  STARTING 

A sdf-contained  engine-starting  system  is  required 
for  most  Army  bdicopters. 

(External  dectricai  power  lor  ground  starting  will 
be  furnished  through  connectors  and  receptacles  in 
accordance  with  MIL-C-7974.  The  turbine  jet- 
sterting  receptacle,  if  installed,  will  comply  with  MS 
25018  if  a split  bus  system  is  used.  The  standard  con- 
nection for  DC  is  MS  3506;  for  AC,  400  Hz  120/208 
V 3-phase,  MS  9C362  will  be  used. 


1543  GROUND  HEATERS 

The  designei  shall  provide  a 12-in.  opening  for  a 
ground  heater  duct  (a  6-in.  opening  may  be  used  on 
engines  below  350  hp)  in  the  accessory  section,  for- 
ward of  the  firewall  and  clou  to  high-temperature- 
demanding  units  such  as  gearboxes  and  oil-system 
components.  A heater  duct  opening  behind  the  fire- 
wall also  is  desirable  to  facilitate  cold-weather  main- 
tenance and  servicing. 

Hot  air  should  not  be  directed  onto  electrical  bar- 
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ncaacs  or  other  equipment  that  could  be  affected  ad- 
versely by  high  temperatures.  Openings  should  be 
marked  “Ground  Heater  Duct”. 

15-3.9  ENGINE  WASH 

The  designer  shall  provide  access  for  connecting  a 
ground  cart  to  the  engine  water  wash  system. 

15-4  TRANSMISSIONS  AND  DRIVES 

General  requirements  for  transmissions  and  drives 
ate  presented  in  Chapter  4 and  MIL-T-5955.  In- 
stallation design  should  provide  for  ease  of  replace- 
ment, repair,  and  servicing,  and  should  avoid  re- 
quirements for  special  tools  and  fittings.  Standard 
eyelet  fittings  should  be  provided  for  attachment  of 
slings  for  hoisting  components  such  as  gearboxes  and 
transmissions. 

Easy-to-read  indices,  keys,  or  other  markers 
should  be  included  on  gears  and  shafts  that  require 
radial  alignment  during  assembly  and  installation. 
Mgjor  components  and  assemblies  should  be  inter- 
changeable in  accordance  with  MIL-I-8500. 

Accessories  and  accessory  drives  shall  be  located 
for  ease  of  removal  and  replacement.  The  design  en- 
, gineer  should  make  maximum  use  of  standard  fit- 
) tings,  avoiding  adapters  to  the  maximum  possible  ex- 
- tent. 

Sensors  compatible  with  the  helicopter  inspection, 
test,  and  diagnostic  system  shall  be  incorporated  (sec 
par.  15-2.5). 

Oil  systems  shall  be  provided  with  a pimple,  visual 
method  of  verifying  oil  level  from  the  ground.  Sumps 
should  be  equipped  with  self-locking  drain  va'ves  and 
an  adequate  oil  drain  path  dear  of  the  helicopter 
structure.  The  oil  filler  cap  should  have  positive-lock 
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sideration  should  be  given  to  installation  of  a chain 
or  cable  to  prevent  loss  of  filler  cape  following  re- 
moval. Required  grease  fittings  shall  be  designed  in 
accordance  with  MIL-F-3541. 

15-5  ROTORS  AND  PROPELLERS 

Quick-removal  feature*  should  be  provided  on  the 
cowling,  spinners,  and  protective  housings.  Rotor 
and  propeller  controls  should  be  designed  with  quick- 
disconnects  to  facilitate  connection  of  control-circuit 
testers. 

Each  helicopter  rotor  blade  shall  be  identified  by 
serial  number  and  marked  in  accordance  with  Army 
Technical  Bulletin  TB  746-93-2  and  shall  be  inter- 
changeable within  the  rotor  system.  Rotor  blade  tip 
markings  or  equivalent  shall  be  provided  in  order  to 
provide  for  ground-checking  of  blade  alignments. 


The  designer  shall  provide  for  sling  lift  of  individual 
rotor  blades  and  the  rotor  hub. 

Blade  trai  .ing  and  balancing  techniques  should  be 
simple  so  as  to  eliminate  the  need  for  a maintenance 
test  fliaht  after  tracking  and  balancing. 

The  propeller  assembly  design  shall  provide  for  the 
use  of  standard  tools  and  tool  types.  Also,  at- 
tachment points  shall  be  provided  for  use  of  the  com- 
bination propeller  wrench  and  lifting  device  for  hoist- 
ing the  complete  assembly.  Blades  will  be  numbered 
serially  and  wiil  be  individually  interchangeable.  The 
design  should  pent  ' blade  removal,  lifting,  handling, 
and  installation  to  be  accomplished  with  the  indi- 
vidual blade  it:  a horizontal  plane. 

15-4  FLIGHT  CONTROLS 

The  flight  control  subsystem  as  defined  herein  in- 
cludes the  primary  and  secondary  flight  control 
systems  (if  applicableX  the  rotating  systems,  the  non- 
rotating  systems,  and  the  trim  systems. 

154.1  ROTATING  SYSTEMS 

The  components  of  the  rotating  portion  of  the 
flight  control  system  should  be  capable  of  being  re- 
placed without  disturbing  the  rigging.  A plain  or 
Upped  hole  in  a relatively  rigid  member,  such  as  a 
structure!  beam,  should  be  provided  so  that  control 
surface  rigging  gages  can  be  attached  by  a bolt  or 
screw.  The  location  must  be  accessible  readily  so  that 
maintcnancc/support  personnel  can  perform  the 
ncccscary  inspections  and  adjustments.  Care  must  be 
taken  to  provide  the  work  apace  necessary  for  the  ad- 
justment of  pivot  shafts,  push-pull  tubes,  and  bell 
cranks.  When  hydraulic  or  electrical  boost  devices 
are  used,  sufficient  access  must  be  provided  to  allow 
for  inspection,  Servians,  and  maintenance. 

If  autopilots  and/or  stability  augmenution  sys- 
tems are  used,  self-testing  provisions  must  be  in- 
cluded to  the  extent  feasible.  Where  self-test  is  not 
feasible,  test  connectors  for  isolating  faulU  of  a failed 
component  should  be  provided  so  that  test  equip- 
ment can  be  attached  externally. 

154.2  NONROTATING  SYSTEMS 

Par.  15-6.1  applies  equally  to  nonrouting  systems. 
When  cables  and  pulleys  are  used  in  lieu  of  bell 
cranks  and  push-pull  tubes,  a means  of  checking  and 
setting  the  cable  tensions  to  specified  values  must  be 
provided.  In  all  cases,  wear  points,  such  as  beli-crank 
bearings  must  have  access  for  inspection  and  cor- 
rection. 

154.3  TRIM  SYSTEMS 

Interfaces  for  cable  and  pulley,  or  bell  crank  and 
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pwh  pul  tub*,  adjustments  must  bo  provided  so  that 
trial  usrfece  free  play  eu  bo  maintained  within  sped- 

M) mitt. 

18.7  ELECTRICAL  SUBSYSTEMS 

External  power  receptacles  sMJ  bo  provided  for 
the  skctiioai  subsystem.  Thiee  receptacles  i hall  con- 
form to  MlL-C-7974  standards  for  pound  power  un- 
Hx.  Provisoes  for  grounding  the  helicopter  and  ex- 
ternal power  unit  will  be  included  in  the  design. 

A ninimum  variety  of  elect  ical  connector*  should 
be  used.  Connector  ■ ejection  will  follow  instructions 
contained  in  MIL-S'I  Li- 1 353.  Provisions  must  be 
madu  to  prevent  incorrect  connections. 

Provisions  for  lubricating  and  ccc”ng  generators 
and  electric  motors  will  be  included  in  the  design.  Ac- 
cessibility to  lubricating  points,  as  well  as  for  the  in- 
terchange, of  gmwator  and  motor  brushes  will  be 
provided. 

The  battery  should  be  accessible  easily  with  no 
special  G E required  for  its  removal  and  in- 
stall* tioti.  If  wicked-cadmium  batteries  are  used,  the 
designer  tkaU  insure  that  water  cannot  be  added  to 
the  battery  without  first  removing  the  battery  from 
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be  added  only  after  it  has  been  ascertained  that  the 
battery  is  folly  charged.) 

The  voltage  regulator  should  be  accsasibtf  to  allow 
for  interconnecting  the  required  teat  equipment  and 
adjusting  the  regulator  to  the  prescribed  voltage  level. 

All  fosse  and  circuit  breakers  iW/  be  visible  and 
rstdify  scooBriMo. 

The  internal  and  external  lighting  installation 
should  provide  easy  access  for  installation  of  bulb*  or 
tubes. 

Wiring  runs  must  be  dseigned  to  allow  easy  access 
for  the  maintenance  of  wiring,  similar  wiring  con- 
nections to  idendcai  types  of  equipment  on  a given 
helicopter  should  be  mod  to  avoid  errors  la  wiring 
during  installation,  repkonmeut,  and  maintenance.  If 
there  is  a possibility  of  connecting  a GSE  cable  con- 
nector to  tM  incorrect  cable,  the  cable  connector 
keying  should  preclude  such  interconnection.  Com- 
mon bonding  poets  or  connectors  should  be  pro- 
vided for  connections  between  the  helicopter  wiring 
and  the  GSE. 

The  beak  design  considerations  for  the  electrical 
subsystem  are  described  in  Chapter  7. 

184  AVIONIC  SUBSYSTEMS 

Design  considerations  and  requirements  for 
avionk  subsystems  are  described  in  Chapter  8.  Only 
essential  VFR  night  commiutkation/navigation 
avionics  are  considered  in  this  paragraph. 


1S-8.I  COMMUNICATION  SYSTEMS 

Installations  for  the  irtercomm  itcation  set.  com- 
munication radios,  signal  light,  and  flare  launcher 
must  permit  reedy  removal  and  replacement  of  com- 
ponents 

When  self-test  provisions  are  included,  test  results 
must  be  visible  to  maintenance  personnel.  Ad- 
justmt  t co i trol*  must  be  readily  accessible. 

For  equipment  that  does  not  include  self-test 
features,  the  design  should  permit  external  teat  equip- 
ment to  be  connected  readily.  Ffug-in  connectors 
should  be  used  throughout  the  installation  in  order  to 
avoid  breaking  circuits  for  test  and  adjustment  pur- 
poses. 

Break  points  should  be  provided  dose  to  the  trans- 
mitter and  antenna  equipment.  The  designer  should 
consider  the  use  of  directional  couplers  to  simplify 
maintenance.  When  the  directional  couplers  are  used, 
calibration  indicators  should  be  visible  without 
removal  of  the  units. 

Chassis  slides,  runners,  and  tilting  mechanisms 
may  be  used  to  facilitate  accessibility  of  avionic 
equipment  When  used,  these  mechanisms  should  be 
equipped  with  devices  for  positive  locking  in  both  ex- 
tended and  retracted  position.  Handles  should  be 
provided  in  order  to  simplify  handling  and  removal. 
Withdrawal  should  be  in  the  direction  of  available 
•pace.  Cable  lengths  should  be  adequate  to  permit 
slide  operation.  Adequate  space  must  be  available  for 
the  installation  and  removal  of  mounting  unite  and 
screws.  Screws  and  bolts  requiring  access  for  main- 
tenance should  not  be  buried  under  cables. 

Installation  and  test  requirements  for  inter- 
communication systems  and  communication  radio 
sets  are  contained  in  the  applicable  commodity  speci- 
fications and  data. 

154J  NAVIGATION  SYSTEMS 

The  GSE  interface  considers tiom.  and  require- 
ments applicable  to  the  communication  system  also 
apply  to  the  navigation  system.  In  addition,  con- 
akterations  must  be  given  to  the  necessity  for  align- 
ing the  direction  finder  antennas  and  indicators 
during  maintenance.  Sun  srly,  the  gyrosyn  compass 
system  alignment  requirements  must  be  considered  in 
the  installation  design. 

Specific  installation  and  test  requirements  for  the 
navigation  systems  are  contained  in  individual  com- 
modity specifications  and  data. 

15-f  HYDRAULIC  AND  PNEUMATIC 
SUBSYSTEMS 

The  hydraulic  and  pneumatic  subsystem  design 
requirements  are  discussed  in  Chapter  9. 
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15-9.!  HYDRAULIC  SUBSYSTEM 

TLc  hydraulic  subsystem  requires  checkout  con- 
nections for  interfacing  with  ground  test  stands  *n  ac- 
cordance with  MlL-A-5->4G  and  MIL-C-23427.  The 
system  design  should  include  a means  for  bleeding 
and  replenishing  hydraulic  fluid. 

The  hydraulic  system  relates  more  doscly  to  GSE 
than  any  other  helicopter  system  in  that  the  hy- 
draulic fluid  is  transposed  between  the  two  in  the  ac- 
complishment of  the  basic  functions  of  filling, 
bleeding,  and  filtering. 


*5-9.2  PNEUMATIC  SUBSYSTEM 

Pneumatic  subsystem  ducting  and  coupling  must 
be  adequate  for  ground  test  purposes.  The  ground 
coupling  should  be  included  and  appropriately 
marked.  Where  ram  air  turbine*  are  used,  an  inter- 
face should  be  provided  for  driving  the  turbine  by 
means  of  a pneumatic  power  source  during  ground 
testing.  MS  28889  high-pressure  valves  should  be 
provided  to  interface  the  high-pressure  pneumatic 
systems  with  the  GSE. 

The  designer  should  consider  using  engine  pneu- 
matic starters,  it  the  helicopter  is  so  equipped,  as  the 
rouroe  of  compressed  air  for  the  actuation  of  air- 
borne components.  By  upping  into  the  starter  duct, 
the  number  of  ground  couplings  can  be  minimized. 

15-10  INSTRUMENTATION 
SUBSYSTEMS 

The  mounting  of  instruments  and  subsystem  com- 
ponents shall  permit  rapid  and  easy  inspection,  ad- 
justment, removal,  installation,  and  diagnostic  test- 
ing. Sufficient  clearance  should  be  provided  for  re- 
moval of  covers,  inspection  plates,  and  removable 
modules.  Items  requiring  more  frequent  adjustments 
or  inspections  should  be  more  accessible  than  th.  se 
requiring  less  frequent  servicing. 

The  design  considerations  and  requirement!  fo.  the 
helicopter  instrumentation  subsystem  are  described 
in  Chapter  10. 

15-10. 1 FUGH1  INSTRUMENTS 

Pressure-actuated  flight  instrument*  shall  be  in- 
stalled in  accordance  with  MIL-P-26292,  and  the 
specified  provision*  for  calibration  shall  included. 

An  ammeter  correction  card  must  be  provided 
when  the  combined  italic  pressure  system  error  and 
altimeter  instrument  error  exceeds  £ 153  It. 

When  servo-operated  ins  rum',  nts  arc  used,  neces- 
sary interlaces  for  electrics’  test  equipment  should  be 
included. 
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15-10.2  NAVIGATION  INSTRUMENTS 

The  pilot’s  compass  installation  must  indude  pro- 
visions for  swinging  the  compass  in  accordance  with 
MIL-STD-765.  Compass  correction  cards  for  each 
indicator  in  t'je  helicopter  will  be  provided.  Radio 
navigation  instruments  are  discussed  in  Chapter  8. 

15*10.3  AERIAL  VEHICLE  SUBSYSTEM 
INSTRUMENTATION 

The  design  requirements  for  the  interact  of  the 
aerial  vehicle  subsystem  instrumentation  with  the 
helicopter  and  the  GSE  are  described  in  Chapter  10. 

15-11  AIRFRAME  STRUCTURE 

The  structural  design  engineer  must  include  design 
provisions  for  jacking,  mooring,  lifting,  loading,  and 
transporting  the  helicopter  by  all  modes  of  transport 
to  include  helicopter  external  airlift. 

Lift  points  or  sling  positions  for  lifting  of  the  com  - 
plete crash/battle-damagrd  helicopter  should  be  pro- 
vided. Lift  point*  must  be  designed  to  meet  the  g- 
loads  specified  in  AR  70-9  end  M1L-A-8421F. 

Sectioning  should  be  employed  to  separate  the 
body  and  empennage,  the  body  and  wings,  or  (he 
body  itself  into  constituent  sections.  Each  section 
should  include  clearly  identified  points  for  lifting  and 
load  bearing.  Hoisting  eyelets  must  be  provided  if 
hoisting  is  the  prescribed  method  of  lifting. 

Floor  obstructions  of  any  kind  chould  be  avoided. 
If  these  are  unavoidable,  however,  removable 
flooring  — of  sufficient  strength  to  preclude  oo- 
formation  in  normal  use  — must  be  provided  to  per- 
mit inspection,  repair,  and  replacement  of  under- 
lying structure  or  equipment  not  otherwise  ac- 
cessible. 

AU  transparent  areas  should  consist  of  easily- 
replaceable  panels.  Removal  and  replacement  should 
be  possible  without  the  removal  of  other  equipment. 

Bearings  and  universal  joints  must  be  equipped 
with  the  appropriate  provisions  for  lubrication,  in- 
spection, and  replacement.  Cowlings  will  be  de- 
signed for  ease  of  opening  or  removal. 

Fittings  a*  required  for  matin?  with  towbars  and 
towing  vehicles  must  be  provided.  Lugs  and  rings 
suitable  for  coupling  with  books  used  on  towliras, 
and  standard  methods  of  towing,  also  should  be  pro- 
vided. Jig  points  fer  measuring  and  leveling  in  ac- 
cordance with  MIL-M-6756  shall  be  included  in  the 
airframe  design. 

Jacking  facilities  conforming  to  MIL-STM09 
shall  be  included.  The  desig shall  assure  that  each 
landing  gear  can  be  jacked  separately  w:<hout  inter- 
fcrencc  between  the  jack  and  the  landing  gear  sys- 
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teas.  The  wheel*  must  be  removable  without  requi- 
riot  the  removal  of  atnita  or  any  part  of  the  landing 
gear  alructure. 

Towing  provisions  will  be  in  accordance  with  MIL- 
STD-805. 

The  airframe  structure  must  include  mooring  pro 
visions  consisting  of  luge  or  rings  for  attachment  of 
m -wring  ropes,  cables,  or  lines.  Where  the  fittings  are 
noosed,  they  must  have  sufficient  clearance  space 
for  easy  extension  from  the  recessed  position.  The 
word  "moor"  trill  appear  on  adjacent  extenor  sur- 
faces. If  detachable  fittings  are  used,  the  design 
should  provide  for  their  storage  in  the  baggage  or 
tool  compartment.  If  the  landing  gear  is  not  used  for 
restraint  during  runup  of  the  enginefs),  fittings  to 
withstand  the  maximum  load  imposed  during  this 
ground  operation  shall  be  provided.  When  installed, 
these  fittings  will  be  marked  with  the  statement:  “At- 
tach restraining  harness  here  during  ground  runup  of 
engine(t)". 

Design  requirements  for  airframe  structural  design 
are  discussed  in  Chapter  1 1. 

15-!2  LANDING  GEAR  SUBSYSTEM 

Aii  units  of  i he  landing  gear  should  be  Kumivw 
for  inspection,  servicing,  lubrication,  and  replace- 
ment. All  air  valves  should  permit  easy  servicing 

When  retractable  gear  is  used,  easily  removable 
covers  should  be  installed  on  all  exposed  equipment 
within  the  wells.  Mud  guards  and  scrapers  should  be 
deanabk  easily  without  removal,  and  readily  re- 
movable for  tire  servicing. 

The  attachme  u points  for  the  landing  gear  must  be 
designed  to  permit  easy  installation  and  removal.  Re- 
tractable systems  should  include  locks  that  require  no 
adjustment,  and  are  accessible  for  inspection  with- 
out requiring  disassembly  of  the  actuating  members 
of  the  retracting  system. 

Each  gear  in  a retractable  system  should  have  a 
manually  installed,  lightweight,  quick-release, 
ground-safety  lock  or  pin  The  design  of  this  device 
should  eliminate  the  possibility  of  incorrect  in- 
stallation. The  gear  should  be  designed  so  a»  not  to 
retract  or  be  damaged  if  manual  unlocking  is  not  ac- 
complished before  flight.  A red  warning  streamer 
should  be  included  with  the  lock  pin  to  indicate  wlten 
the  lock  is  in  place. 


A tiedown  lug  should  be  provided  on  rach  main 
lending  gear  lag.  These  lugs  should  permit  com- 
pression of  the  shock  absorber  to  a position  beyond 
the  normal  static  deflection  point  when  the  heli- 
copter is  moored. 

The  landing  gear  design  should  minimise  the 
requirement  for  special  servicing  tools,  equipment,  or 
fittings.  Jack  pads  should  be  marked  appropriately. 

If  the  landing  gear  is  not  to  be  used  as  a re- 
straining member  during  ground  runup  of  enginefs), 
it  shall  be  marked  conspicuously,  in  accordance  with 
M1L-M -25047,  with  the  statement:  “Do  not  use  for 
restraining  helicopter  during  ground  runup  of 
engine(s)“. 

Landing  gear  design  considerations  arr  discussed 
in  Chapter  12. 


15-13  CREW  STATIONS 

In  general,  all  design  provisions  included  for  air- 
crew actuation  of  controls  also  arc  necessary  for 
ground  sccvicing.  Additionally,  sufficient  clearances 
arc  required  for  operation  and  maintenance.  In- 
ternal cargo  compartments  should  have  all  pro- 
trusions marked  conspicuously  to  avoid  possible 
damage  during  loading  and  unloading.  Cargo  com- 
partment doors  should  open  easily,  have  a positive 
means  of  remaining  open,  and  provide  minimum  in- 
terference with  loading  and  unloading  operations. 

Whe.e  external  cargo-carrying  provisions  are  in- 
cluded, their  design  should  facilitate  loading  and  un- 
loading operations.  Designs  for  internal  and  external 
cargo-handling  capabilities  should  permit  standard 
material-handling  equipment  to  be  used. 

The  design  requirements  for  helicopter  crew 
stations,  furnishings,  and  equipment  are  discussed  in 
Chapter  13. 


15-14  ARMAMENT,  ARMOR,  AND 
PROTECTIVE  SYSTEMS 

Interface  design  requirements  for  these  niission- 
csscntisl  systems  are  contained  in  Chapter  14.  GSE 
considerations  arc  included  in  the  specific  com- 
modity specifications  and  requirements,  and  are  not 
included  herein. 
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CHAPTER  16 

STANDARD  PARTS 


16-0  LIST  OF  SYMBOLS 

B m laminate  length,  in 

C ■ basic  dynamic  capacity,  lb 

C , " load  rating  for  life  Ly  and  speed  /V,.  lb 

€ - life  exponent,  3 for  ball  bearings  and  10/3 

for  roller  bearings 

A/C  - change  in  interior  clearance,  dimensionless 
A,  « nonreversinj  load  factor,  dimensionless 

K , - reversing  load  factor,  dimensionless 

L - total  bearing  life,  hr 

L|0  -B-10lifc,hi 

L\0  ■ B- 10  life,  revolutions 

Lt  - calculated  bearing  life  at  load  P,  and  speed 

N„  hr 

/.„.  - laminate  width,  in. 

L , - life.,  hr 

M , « ratio  of  shaft  internal  diameter  to  bearing 

bore,  dimensionless 

A#  2 “ ratio  of  bearing  bore  to  outer  diameter  of 

inner  ring,  dimensionless 
M j - ratio  of  inner  diameter  of  bearing  outer 
ring  to  bearing  outer  ring, 
dimensionless 

Ma  * ratio  of  bearing  outer  diameter  to  the 

housing  outer  diameter,  dimensionless 
N **  rotational  speed,  rpm 

N,  *-  speed  imposed  on  bearing  for  fraction  of 

t rnm 

......  , . r... 

Ny  m rotational  speed  at  which  the  capacity  or 
equivalent  radial  load  is  determined,  rpm 
P “ equivalent  radial  load,  lb 

■ equivalent  steady  toad,  lb 
Pt  » load  imposed  on  bearing  for  traction  of 
time  f(,lb 

• prorated  load  for  speed  Ny,  lb 
Ps  » steady  load,  lb 

P,  m vibratory  load,  lb 

R - radial  toad,  lb 

SF  ■ shape  factor,  dimensionless 

T “ thrust  load,  lb 

l - laminate  thickness,  in. 

f,  * fraction  of  time,  dimensionless 

V m rotation  factor,  dimensionless 

X m radial  factor,  dimensionless 

Y » thrust  factor,  dimensionless 


16-1  INTRODUCTION 

Standard  parts,  for  the  purposes  of  this  handbook, 
are  defined  as  those  items  normally  used  as  pur- 
chased with  no  change  or  modifications;  and 
manufactured  to  meet  industry,  association,  or 
Governmental  specifications  as  to  site,  materials, 
mechanical  propertios,  performance,  etc. 

The  standard  parts  discussed  in  this  chapter  are 
fasteners,  bearings,  electrical  fittings,  pipe  and  tube 
fittings,  control  pulleys,  push-pull  controls,  flexible 
shafts,  cables,  and  wires.  The  applications  for  and 
limitations  applicable  to  each  ol  these  are  discussed. 
Further  discussion  of  standard  parts  is  found  in 
AMCP  706-100. 

16-2  FASTENERS 

• r • « /rma.tr>n  a V 
19-A.l  ULlltllAL 

Fasteners  are  available  in  many  types  and  sizes; 
however,  fasteners  for  use  in  the  design  and  construc- 
tion of  aerospace  mechanical  systems  shall  be  selected 
in  accordance  with  M1LSTD-15I5  Generally, 
fasteners  can  be  classified  as  either  threaded  or  non- 
threaded.  and  further  as  either  reusable  or  non- 
reusable,  Threaded  fasteners  include  screws,  bolts, 
and  related  hardware  such  as  nuts  and  washers.  Non- 
thresded  fasteners  include  rivets,  pins,  quick-release 
fasteners,  retaining  rings,  clamps,  and  grommets. 

16-Z.Z  THREADED  FASTENERS 
16-2.2,1  Screws 

MIL-HDBK.-5  contains  allowable  design  loads  for 
all  structural  screws.  Installation  of  structural  screws 
should  be  performed  in  accordance  with  Chapter  4, 
AFSC  DH  1-2.  Screws  should  be  torqued  to  the 
maximum  practicable  preload,  compatible  with  the 
applicable  torquing  method. 

Screw  threads  for  structural  fasteners  should  con- 
form to  MIL-S-7742  or  MIL-S-SB79.  MIL-S-8879 
threads  fhall  be  uied  on  all  materials  with  a minimum 
ultimate  tensile  strength  in  excess  of  ISO  ksi  or  with  a 
minimum  hardness  greater  than  Rockwell  C32  or 
equivalent.  These  threads  also  shall  be  used  in 
applications  where  the  operational  temperatures  will 
exceed  4S0°F;  in  applications  that  require  the  con- 
sideration ot  fatigue  strength;  for  all  bolts  and  screws 
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of  0.164-in.  diameter  and  larger;  for  high-temper- 
ature internal  threads  in  excess  of  900*  f;  and  for 
threaded  hole*  (other  than  nut*).  M1L-S-7742 
threads,  both  interna)  and  external,  may  be  used  for 
fattenen  smaller  than  0.164  in.  diameter,  and  for 
electrical  connector*. 

Screws  used  on  helicopter*  should  be  restricted  to 
two  type*  of  screw  head*:  pan  or  countersunk.  In 
countersunk  applications,  a head  angle  of  100  deg 
should  be  used  wherever  possible;  otherwise,  a head 
angle  of  82  deg  ihould  be  used.  Self-tapping  screws 
should  not  be  used  in  the  primary  structure.  They 
may  be  employed,  primarily  in  nonstructurai 
applications,  when  the  use  of  bolts  or  rivets  is  not 
practical.  The  installation  and  usage  of  tapping 
•crews  shall  comply  with  the  requirements  of  MS 
33749. 

Screws  normally  are  reusable,  and  are  replaced 
only  when  either  the  recess  in  the  head  or  the  threads 
have  been  damaged. 

Mklzj  Holt* 

The  installation  or  removal  of  bolts  normally  is  a 
two-handed  operation.  Therefore,  it  is  slower  and 
more  difficult  than  is  an  assembly  using  screws. 
Another  disadvantage  is  the  many  loose  parts  — such 
as  nut*,  washers,  and  cotter  pins  — required  in  con- 
junction with  this  type  of  installation.  Special  care 
must  bs  taken  that  parts  arc  not  dropped,  later  to 
find  their  way  into  the  engine  inlet  or  to  jam  a moving 
assembly. 

In  general,  bolts  should  be  no  longer  than 
necessary.  When  lightened,  the  bolt  should  extend  at 
least  two  thread*  beyond  the  nut.  Hexagonal  head 
boltn  are  preferred,  and  left-hand  threads  should  be 
avoidod  when  possible.  Self-locking  bolls  may  be 
used  in  tapped  holes  when  one  surface  is  inaccessible, 
or  when  there  is  a requirement  that  one  surface  be 
smooth,  and  when  temperatures  do  not  exceed 
230* F.  Bolts  are  more  readily  replaceable  than  studs. 

Allowable  design  bolt  loads  should  comply  with 
MIL-HDBK-S.  Installation  and  preload  torqi : 
requirements  are  described  in  Chapter  4,  AFSC  DH 
1-2.  Specifications  covering  approved  standard  bolts 
are  included  in  MIL-STD-1513. 

Bolts  shall  be  installed  :n  such  t way  as  to  minimize 
the  possibility  of  kxu  of  the  bolt  due  to  loss  of  the 
nut.  In  control  systems,  and  other  applications 
(primarily  in  dynamic  system*)  where  loss  of  a bolt 
could  cause  a catastrophic  failure,  self-retaining  bolts 
shall  be  used,  or  tr'o  independent  means  of  locking  or 
safetying  shall  be  required.  Bolts  shall  be  installed 
with  beads  forward  or  uppermost,  taking  Into  con- 
sideration ease  of  maintenance  and  replaceability. 


Bolts  normally  are  reusable,  being  replaced  only 
when  the  head  or  the  thread  has  been  damaged 
daring  removal  or  replacement. 

I6-2-2J  Nats 

Nuts  can  be  subdivided'  into  such  general 
categories  as  locking  or  nonlocking,  and  fixed  or 
nonfixed.  Nuts  shall  be  selected  in  accordance  with 
MIL-STD-1515. 

Self-locking  nuts  can  be  used  independently  or  in 
conjunction  with  .such  devices  as  cotter  pins,  safety 
wiring,  lock  washers,  locking  compound,  or  self- 
locking bolts,  as  a means  of  keeping  the  nut  tight  on 
the  bolt.  Self-locking  nuts  should  meet  the  require- 
ments of  MIL-N-25027  and  shall  be  subject  to  the 
design  and  usage  limitations  of  MS  33388. 

Fixed  nuts  are  affixed  rigidly  to  the  helicopter 
chassis  by  riveting,  welding,  clinching,  or  staking; 
and  are  used  specifically  in  case?  where  the  thinness 
of  the  metal  prohibits  tapping,  or  where  limited  space 
results  in  inaccessibility.  Fixed  nuts  also  have  an  ad- 
vantage over  nonfixed  in  that  assembly  and  repair 
become  one-handed  operations. 

Nonfixed  nuts  preferably  should  be  oi ' the 
hexagonal-head  type.  Wing  or  knurled  nuts,  which 
require  no  tools,  shall  be  used  only  for  low-tension, 
nonstructurai  applications;  wing  nuts  are  the  easier  to 
insult.  Nonfixed  nuU.  unless  safetied,  must  net  be 
used  where  fallen  nuts  can  damage  equipment.  Self- 
wrenching  nuU  may  be  used  in  areas  where  insuf- 
ficient space  is  provided  for  maintenance  and  use  of 
tools.  Self-scaling  nuts  are  required  for  fastening 
equipment  to  fluid  tanks  in  order  to  prevent  leakage. 

Nuts  are  reusable  until  the  threads,  or,  when  appli- 
cable, the  locking  provisions,  are  damaged  during 
removal  and  rcinstallation. 

16-2.2.4  Washers 

In  general,  washers  arc  used  under  nuts  to  prevent 
injury  to  surfaces  upon  tightening  the  fastener,  and  to 
reduce  the  stress  on  the  joint  by  increasing  the 
bearing  area.  Spacer  washers  may  be  required  in 
order  to  prevent  loading  of  bolt  threads  in  bearing. 
The  intended  use  and  the  temperature  limitation 
should  be  considered  when  choosing  a washer. 
Washers  shall  be  selected  in  accordance  with  MIL- 
SI  D- 1 51 5.  Dissimilar  metals  should  not  be  used 
together  (e.g.,  steel  washer  with  aluminum  bolt)  when 
normal  methods  of  protection  against  corrosion, 
such  as  primer,  may  be  damaged  during  ihe  assembly 
of  the  joint. 

Lock  washers  can  be  used  to  prevent  rotation  of 
the  bolt  and  nut  in  nonstructurai  applications,  but 
are  not  preferred.  Preload-indicating  washers  may  be 
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used  to  gags  bolt  preloads  but  muit  be  replaced  each 
time  the  bolt  or  nut  is  reinstalled. 


16-23  NONTHREADED  FASTENERS 
16-23.1  Rivets 

Allowable  design  loads  for  rivets  are  given  in  MIL- 
HDBK-5.  Solid  rivets  of  specific  type:  and  materials 
arc  covered  by  MS  20426.  MS  20427,  MS  20470,  MS 
20613,  and  MS  20615.  Additional  rivet  standards, 
applicable  to  solid,  tubular,  and  blind  rivets  (both 
structural  and  nonstructural)  arc  listed  in  Chapter  4, 
AF:  J DH  1-2. 

Rivets  are  a permanent  type  of  fastener:  they  must 
be  destroyed  in  the  process  of  their  removal,  and 
often  they  cannot  be  replaced  by  another  of  the  same 
size.  Therefore,  rivets  shall  not  be  used  in  any  applica- 
tion where  disassembly  is  expected  to  be  necessary 
during  the  normal  life  of  the  helicopter. 

Rivets  shall  be  used  in  applications  where  they  are 
subjected  primarily  to  shear.  To  prevent  ripping,  the 
diameters  of  the  heads  of  countersunk  rivets  shall  be 
larger  than  the  thickness  of  the  thinnest  of  the  pieces 
they  fasten.  Requirements  for  countersinking  art- 
contained  in  Chapter  4,  AFSC  OH  1-2. 

In  a case  where  it  it  impossible  or  impracticable  to 
teach  the  back  of  the  joint  to  buck  solid  rivets,  blind 
rivets  may  be  used.  Blind  rivets  may  be  structural  or 
nonstructural.  Mechanical  expansion  generally  is  ac- 
complished by  withdrawal  of  an  appropriately 
shaped  spindle  through  (he  hollow  center  of  the  rivet. 
Standards  for  structural  and  nonstructural  blind 
rivets  are  given  in  MIL-STO-151S. 

In  installation  of  rivets,  the  distance  from  the 
center  of  the  rivet  hole  to  the  edge  of  the  sheet 
depends  largely  upoi.  the  stress  analysis  of  the  joint. 
Rivets  shall  be  located  so  that  the  edge  distance  is  not 
less  than  1,5  times  the  rivet  shank  diameter,  or 
greater  than  2.5  times  the  rivet  shank  diameter  on  a 
lap  joint.  The  design  allowable  load  data  for  counter- 
sunk joints  in  MIL-HDBK-5  it  based  upon  an  edge 
distance  of  two  diameters.  If  lesser  edge  distance  are 
used,  the  allowable  loads  shall  be  substantiated  by 
test  data.  The  bead  angle  of  countersunk  rivets  shall 
be  100  ±1  dsg 


16-2.3.2  Pics 

In  tie  rods  and  on  secondary  controls  that  are  not 
subjected  to  continuous  operation,  clevis  pins  may  be 
'tied.  In  these  usages,  the  reversal  of  stresses  and  the 
chances  of  loosening  are  slight.  Clevis  pins  shall  not 
be  used  where  tight  joints  are  required. 

Taper  pins  should  be  used  in  all  permanent  con- 
nections where  the  absence  of  play  is  essential.  They 


can  be  locked  safely  with  castellated  or  self-locking 
nuts. 

Spring  pins  should  conform  to  MS  16562,  and  they 
may  be  uaod  within  the  design  limitations  given  in 
MS  33547. 

The  use  of  swaged,  collar-headed  straight  pins 
should  conform  to  MS  25420,  and  that  of  flathead 
pins  to  MS  20392.  The  standards  for  positive-locking, 
quick-release  pins  are  given  in  MS  17984  through 
17990. 

14*233  Qalck-fctaae  Fasteners 

Quick- release  fasteners  arc  classified  as  rotary- 
operated,  lever-activated,  slide  action,  or  push- 
button. 

These  types  of  fasteners  are  relatively  easy  and  fast 
to  uk,  do  not  always  require  special  tooling,  and  are 
recommended  for  securing  plug-in  components, 
along  with  small  components  and  coven.  Quick- 
reieaae  fasteners  also  are  known  as  cowl  or  panel 
fasteners. 

Specific  requirements  for  low-strength,  quick- 
release  panel  faslcncn  are  given  in  M1L-F-5S91 . The 
disadvantages  of  these  fasteners  are  that  their  holding 
power  is  limited  and  many  types  cannot  be  used 
where  a smooth  surface  is  required.  Their  advantage 
it  that  they  can  be  attached  and  released  easily,  with  a 
maximum  of  one  complete  turn,  and  U3uatly  without 
the  uk  cf  hand  tools. 

High-strength,  qukk-opt.iiug  rotary  fasteners,  in 
accordance  with  MS  17731  (countersunk)  and  MS 
17732  (protruding  head),  may  be  used  as  structural 
panel  fasteners. 

14-234  Tuiwbwckles  sad  Terminals 

In  helicopter  application,  turnbuckle*  are  used 
primarily  in  control  cable  iitwaUsuons,  and  their  use 
should  be  in  accordance  with  the  system  specification 
for  the  specific  helicopter  me  'si.  In  most  cases,  the 
desired  end  fitting  (except  a threaded  end  fitting)  is 
swaged  onto  the  cable.  Swaging  is  discussed  in  par. 
17-4. 

Turn  buckle  terminals  may  be  of  either  fork,  eye,  or 
swaged  configuration.  Following  installation  and 
adjustment  of  cable  tension,  turn  buckles  must  be 
safetied  to  prevent  loss  of  tension.  M1L-T-5685 
describes  one  type  of  tumbucklc  for  aircraft  applica- 
tion, while  a positive- ssfetying  type  of  turnbuckle  is 
described  by  MIL-T-8878.  General-purpose  turn- 
buckle  bodies  (MS  27954)  shall  be  safety-wired  in  ac- 
cordance with  MS  33591.  Qip-lock  turnbuckle 
bodies  (MS  21251)  shell  be  locked  in  accordance 
with  MS  33736. 


16-3 


m zmm 


164LSJ5  Rstahrtag  Btegs 

Retaining  rings,  or  map  ring*  — (elected  in  accor- 
dwn  with  MIL-STD-1515  — may  be  used  to  retain 
beams-  ot  seal*,  and,  in  limited  applications,  to  re- 
tain pit*  or  boh*.  The  application  of  retaining  rings 
to  bearings  and  seals  is  discussed  further  in  par.  16- 
3.7.2. 

Bctb  external  and  internal  retaining  rings  are 
available  as  tapered  or  reduced  cross  section  types. 
The  reduced  cross  section  type  has  a lower  load 
capability  and,  therefore,  is  used  only  in  locations 
where  the  bad  is  not  critical  and  where  the  retaining 
ring  is  not  required  to  maintain  a tight  installation. 
When  a tapered  cross  section  retaining  ring  is  used  to 
maintain  a tight  joint,  both  the  location  and  the 
width  of  the  snap  ring  groove  are  critical. 

The  external  ring  ia  installed  in  an  appropriately 
located  groove  in  the  shaft  or  pin.  Internal  retaining 
rings  require  that  a groove  be  cut  in  the  housing  bore. 

The  primary  types  and  configurations  of  external 
and  internal  retaining  rings  are  described  in  MIL- 
STD-1515.  External  retaining  rings  used  as  primary 
fasteners  shall  be  safety-wired  in  accordance  with  MS 
33340. 


K2J4  Clamps  and  Grommets 

Clamps  should  be  used  for  holding  wires,  tubing, 
or  hoses  that  arc  to  be  removed  frequently.  Hinge 
clamps  are  preferred  for  mounting  tubing  or  wiring 
on  the  face  of  a pane'.,  thus  facilitating  maintenance 
by  supporting  the  weight  of  die  tubing  or  wiring.  For 
large,  plug-in  assemblies,  positive-locking  clamps 
should  be  used. 

Grommets  shell  be  used  wherever  necessary  to 
protect  cables,  tubes,  hose,  and  wiring  from  chafing 
against  the  sd^es  of  holes  in  bulkheads,  frames,  pan- 
els. or  other  structure  through  which  they  must  tun. 
Grommets  are  available  in  a variety  of  materials, 
making  it  possible  to  select  the  correct  material  for 
each  application.  Grommets  are  covered  by  M1L-G- 
3036,  -16491,  -17394,  and  -22329. 


1WL3.7  Scif-retaMag  Fasteners 

Self-retaining  fasteners  arc  used  u a safety  lock  in 
areas  where  a serious  hazard  would  exist  should  a 
bolt  be  lost,  or  shnuld  a joint  be  broken  following 
low  or  failure  of  the  threaded  connection.  Their  use 
in  helicopters  is  applicable  particularly  to  control 
systems  and  dynamic  systems. 

Seif-retaining  fasteners  are  not  to  be  confused  with 
seif-locking  bolts.  When  the  self-retaining  fastener  is 
inwrted  into  the  holes  of  two  surfaces  to  be  joined, 
mechanical  safetying  prevents  it  from  being  removed 
readily.  Thus,  a semipermanent  joint,  which  can  be 


opened  through  a specific  action  on  the  pan  of  the 
user,  is  obtained  even  before  the  nut  is  attached  to  the 
boh.  Vibration,  for  example,  h not  sufficient  force  to 
allow  this  type  of  fastener  to  fall  free. 

Self-retaining  fasteners  of  the  impedan  . type  are 
covered  in  M1L-B-830S0,  and  self-retaining,  positive- 
locking  bolts  are  described  in  MIL-B-23964. 


86-3  BEARINGS 

16-3.1  GENERAL 


Design  and  selection  of  bearings  for  helicopter  ap- 
plications demand  the  consideration  of  several  fac- 
tors; life  requirements,  loads  and  speeds  imposed 
upon  the  bearing,  available  space  envelope,  and  en- 
vironmental conditions. 

Determination  of  the  allowable  space  envelope 
logically  is  the  first  step  in  the  design  of  a bearing 
system.  Maximum  and  minimum  values  should  be 
obtained  for  the  outer  diameter  and  width,  together 
with  the  preferred  values  within  these  ranges. 

Tne  nest,  and  most  significant,  design  considera- 
tion is  the  required  operating  life  of  the  bearing,  ''be 


life  requirements  are  depends,,,  „pvi>  ,,,  ujvvu  j 


component  service  life,  the  time  between  overhauls 
(TBO),  and  the  level  of  reliability  that  must  be  main- 
tained Because  bearing  failures,  and,  hence,  bearing 
lives,  follow  a definite  statistical  distribution,  bearing 
lives  are  calculated  for  a given  survival  rate.  The 
bearing  design  life  usually  is  given  in  terms  of  B-10 
life,  which  represents  the  operating  time  that  will  be 
exceeded  by  90%  of  the  bearings  under  given  con- 
ditions of  load  and  speed.  In  helicopter  applications, 
critical  bearings  are  designed  for  ».  3000-hr  minimum 
life,  with  the  actual  value  depending  upon  the 
helicopter  system  specification  requirements.  In 
determining  the  required  B-10  life,  the  designer  must 
realize  that  the  equations  uoed  for  life  calculations  are 
baaed  largely  on  data  from  fatigue  tests  of  bearings 
run  under  controlled  and  nearly  ideal  conditions. 
These  equations  do  not  take  into  account  such 
adverse  operating  conditions  as  severe  thermal  or 
contaminating  environments,  lubricant  deterioration, 
or  shad  misalignment.  Where  the  potential  for  such 
conditions  exists,  the  use  of  a higher  calculpted 
bearing  life  U appropriate. 

The  loads  and  speed  imposed  upon  a bearing  are 
mijor  considerations  in  determining  the  type  and  size 
of  bearing  to  be  used.  Purely  radial  load*  may  be 
carried  by  cylindrical  roller  bearings.  Combined 
radial  and  thrust  loads  require  the  use  of  ball 
bearings  or  tapered  or  spherical  roller  bearings,  each 
of  which  may  be  used  either  alone  or  in  combination 
with  cylindrical  roller  bearings.  For  tpplications  in 
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which  only  thrust  loads  are  present,  special  thrust 
hearings  are  available  in  both  bull  and  roller  types. 
For  high-speed  applications,  ball  beatings  or  cylin- 
drical roller  bearings  should  be  given  first  considera- 
tion since  their  speed  capabilities  are  significantly 
greater  than  those  of  tapered  or  spherical  roller 
bearings.  Where  the  motion  between  two  mem  ben  is 
oscillatory  rather  than  rotary,  consideration  should 
be  given  to  sliding  spherical  or  journal  bearings  or  to 
laminated  elastomeric  bearings. 

Environmental  conditions  that  must  be  considered 
include  operating  temperature,  possibility  of  con- 
tamination, and  corrosive  atmosphere.  Knowledge  of 
the  operating  temperatures  to  be  encountered  wilt  aid 
in  the  definition  of  the  bearing  materials  to  be  used. 
Bearing  steels  usually  can  be  stabilized  thermally  for 
a particular  range  of  operating  temperatures.  En- 
vironments that  can  cause  contamination  or  corro- 
sion may  require  that  iperial  sealing  devices  be  incor- 
porated into  the  bearing.  Operation  in  highly  cor- 
rosive atmospheres  may  require  the  use  of  corrosion- 
resistant  bearing  steels. 

once  the  design  requirements  are  defined  and  the 
possible  bearing  configurations  selected,  the  designer 
should  perform  the  necessary  bearing  life  calcula- 
tions. For  routing,  rolling-element  bearings,  the 
basic  5-iO  life  equation  is; 
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where 

Ll0  = b- 10  life,  hr 
Z-',n  = B- 10  life,  revolutions 
C = basic  dynamic  capacity,  lb 
P « equivalent  radial  load,  lb 
N - rotational  speed,  rpm 
e - life  exponent,  3 for  ball  bearings  and  10/3 
for  roller  bearings 

The  basic  dynamic  capacity  C is  defined  as  the 
radial  load  that  a bearing  will  endure  for  a B-10  life  of 
one  million  revolutions  of  the  inner  ring,  with  the 
outer  ring  sUtionary.  This  capacity  can  be  defined 
equivalently  as  the  radial  load  that  will  yield  a B-10 
life  of  500  hr  at  a shaft  speed  of  33-1/3  rpm.  The  basic 
aynamic  capacities  of  their  standard  bearings  are 
available  from  the  bearing  manufacturers.  For  new 
\ designs,  the  Anti-Friction  Bearing  Manufacturers 
j Association  (AFBMA)  has  esUblished  procedures 
for  calculating  the  capacity  based  upon  internal 

\ 


bearing  geometry  (Refs.  I and  2).  When  comparing 
catalog  capacities  q ©ted  by  different  manufacturers, 
the  designer  must  make  certain  that  each  capacity  is 
defined  similarly  in  terms  of  life  and  speed.  Load 
ratings  baaed  upon  lives  and  speeds  other  than  503  hr 
and  33-1/3  rpm  can  be  converted  to  basic  dynamic 
capacity  C by: 

/ I|V,  V7' 

c * c‘  \t£)  ■ *■  «|M> 

where 

C , - load  rating  for  life  I,  and  speed  JV,t  lb 

L | » life,  hr 

AT,  -speed,  rpm 

Thr  equivalent  radial  load  P is  defined  as  that 
radial  toad  that  yields  a bearing  life  erpial  so  the  life 
resulting  from  the  combination  of  radial  and  thrust 
losds  actually  imposed  upon  the  bearing.  It  is 
calculated  by  the  relation: 

P - XVR  + rr  . lb  (16-4) 


where 

R - radial  load,  !b 

T - thrust  load,  lb 

X.Y  - radial  and  thrust  factots,  respectively, 
dimensionless 

V m rotation  factor,  dimenvionkas 

The  radial  and  thrust  factors  X and  Y are  baaed 
upon  internal  bearing  geometry  end  are  given  in 
Refs.  1 and  2.  The  rotation  factor  V is  equal  to  1 ,0  if 
the  inner  ring  of  the  bearing  is  rotating  with  respect 
to  the  radial  load,  and  1 .2  if  the  outer  ring  is  rotating 
with  respect  to  the  radial  load. 

In  most  helicopter  applications,  tlic  loads  tnd 
speeds  vary  over  a predictable  spectrum.  In  such  in- 
stances, the  equivalent  radial  load  P can  be  expressed 
as  a prorated  load  for  a given  speed  P„  and  is 
detei  mined  by:  ' 


r " *,t" 

- E ',TO  ~ . Il>  (lt-5) 

where 

PN ■ - prorated  load  for  speed  Nx , lb 

A',  - rotational  speed  at  which  the  equivalent 

radial  IoaJ.  is  determined,  rpm 

Pj  - load  imposed  on  bearing  for  fraction  of 
timer,,  lb 

N - speed  imposed  or.  bearing  for  fraction  of 
timer,,  rpm 

r,  - fraction  cf  time,  dimensionless  (the  sum  of 
fractions  must  be  exactly  H 
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An  KJitarnato  method  of  calculation  is  to  dote-mine 
the  bearing  life  for  each  condition  of  toad  and  speed 
by  using  Eq.  16-1,  and  then  to  calculate  a total 
bearing  life  by: 


where 

L " total  bearing  life,  hr 

L,  * calculated  bearing  life  at  load 
P,  and  speed  ,V(1  hr 

Bearing  life  at  high  speed  may  be  reduced 
significantly  by  the  effect  of  centrifugal  loads  im- 
posed by  the  rolling  elements  against  the  outer  race. 
The  calculation  of  the  internal  bearing  stresses  and 
bearing  life  is  a lengthy  procedure  that  is  covered 
adequately  in  Ref.  3.  However,  for  the  vest  majority 
of  applications,  the  centrifugal  effects  can  be 
neglected,  and.  thciefore,  Eqs.  16-1  through  16-6  are 
valid.  The  effect  of  centrifugal  force,  however,  must 
be  taken  into  account  in  the  case  of  higher  rotational 
speeds,  such  as  .hose  found  in  some  engine  reduction 
gearbox  bearings. 

Usually,  the  life  of  a particular  bearing  can  be  in- 
crease^  by  a significant  factor  rimply  by  using 
beering  materials  that  offer  greater  uniformity  and 
better  fatigue  life  than  docs  s'  ndard  steel.  Table  16-1 
•hows  approximate  life  adjustment  factors  for  several 
superior  bearing  steel*.  Consult  Ref.  13  for  a com- 
plete discussion  of  hearing  life.  The  calculated  B-10 
Hfe  should  be  multiplied  by  these  factors  in  order  to 
determine  the  actual  B-IO  life  to  be  expected  from 
tkfM  rrst-.n*!*.  Although  SAE  52100  air-melt  steel  is 
used  as  the  basis  for  the  AFBMA  ratings,  vacuum- 
degasaed  material  now  is  considered  to  be  the  stand- 
ard steel  throughout  [he  bearing  industry. 


TABLE  16-1.  LIFE  FACTORS  FOR 
ANTIFRICTION  BEARING  MATERIALS 


LIFE  FACTOR 

MATERIAL 

BALL 

ROLLER 

BEARINGS 

BEARINGS 

SAE  52100  AIR  MELT  STEEL 

1 

1 

SAE  52100  VACUUH-OEGASSED 
STEFL 

3 

2 

SAE  52100  CVM 

4 

3 

St-50  CVM 

>5 

>5 
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In  many  helicopter  bearing  applications,  the  load 
imposed  upon  the  bearing  is  vibratory  or  is  a com- 
bination of  steady  and  vibratory  load*..  Such  con- 
ditions of  loading  may  be  converted  to  an  equivalent 
steady  load  for  the  purpose  of  bearing  life 
calculations.  For  conditions  in  which  the  steady  load 
is  greater  than  the  amplitude  of  the  vibratory  load, 
the  method  illustrated  in  Fig.  16-1  is  used.  The  ratio 
of  vibratory  to  steady  load  Is  calculated,  and  the  cor- 
responding nonreversing  load  factor  A,  from  Fig  . !6- 
I is  multiplied  by  the  actual  steady  load  to  yield  the 
equivalent  steady  load.  A similar  procedure  is  used 
for  the  case  of  a reversing  load  condition  (amplitude 
of  the  vibratory  load  greater  than  the  steady  load). 
The  reversing  load  factor  K,  from  Fig.  <6-2  then  is 
multiplied  by  the  imposed  vibratory  load  to  yield  the 
equivalent  steady  load  used  in  the  life  calculation. 

Antifriction  bearings  are  manufactured  in  various 
tolerance  ranges  or  classes  of  precision.  These  classes 
huve  been  standardized  by  the  Annular  Bearing 


Pv/Ps,  dimensionless 


Figure  16-1.  Equivalent  Steady  Load  for 
Combination  of  Steady  and  Vibratory 
Leads  (Nonrtmsing) 
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Ps  - STEADY  J.OAD 
Pv  - VIBRATORY  LOAD 
Poq  - EQUIVALENT  LOAD 


0 0.2  0.4  0.6  0.8  1.0 

Ps/Pv,  dimensionless 

Flgwe  16-2.  Equivalent  Steal)  Ixttd  for 
CoasMnatira  of  Steady  and  Vibratory 
Loads  (Reversing) 

Engineering  Committee  (AfiEC)  and  the  Roller 
Bearing  Engineering  Committee  (RBEC),  and  are 
designated  ABEC-3,  -3,  -3.  -7,  and  -9,  for  ball 
bearings;  RBEC-1  and  -3  for  cylindrical  and  spherical 
roller  bearings;  and  Class  4, 2, 3, 0,  and  00  for  tapered 
roller  bearings.  The  numerical  symbols  are  listed  in 
uiiSn  of  increasing  precision  for  esefr  bearing  type. 
They  define  the  tolerances  on  bearijig  bore,  outside 
diameter,  width,  radial  and  side  runout,  and  also  are 
indicative  of  overall  bearing  quality.  The  use  of  the 
higher  precision  bearing  grades  represents  a substan- 
tial increase  in  cost.  For  most  hr.iicoptCT  applications, 
the  middle  grades  — designated  ABEC-3  or  -3,  or 
Class  2 — should  receive  first  consideration.  Only  in 
thoee  esses  requiring  high-speed  operation,  extremely 
precise  (bait  location,  low  runout,  or  high  reliability 
should  ABEC-?  or  -9,  and  Clan  3, 0,  or  00  grades  be 
chosen.  The  increased  costs  resulting  from  the  use  of 
the  higher-precition  bearings  »r.  presented  in  Table 
10-2. 

Interference  fits  arc  used  between  the  bearing  and 
the  abaft  or  housing  in  order  to  prevent  creeping  of 
the  bearing  rings  and  subsequent  fretting  and  wear  of 


TABLE  16-2.  COST  VS  TOLERANCE  CLASS 
FOR  ANTIFRICTION  BEARINGS 


BEARING  TYPE 


COST  FACTOR 


ROLLER 

(CYLINDRICAL  AND  SPHLRICAL) 


ROLLER  (TAPERED) 


the  mating  surfaces.  Unless  the  interference  fit 
betwr<-f  ’he  muting  members  is  greater  than  aero  un- 
der au  operating  conditions,  the  bearing  ting  that 
mutes  with  respect  to  the  load  will  creep.  In  addi- 
tion, lighter  press  fits  often  are  specified  for  the  noo- 
roUting  ring  in  order  to  predude  creeping  due  Co 
transmitted  vibration. 

Toe  iourrnviiis  fit  inquire!  io  |ncvcm  uranpiiijx  b 
dependent  upon  radial  load,  support  stiffness,  surface 
finish,  and  operating  temperature.  Ref.  4 gives  a 
method  of  calculating  the  required  shaft  fit  that  con- 
sidars  these  factors.  However,  this  analysis  assumes 
that  the  shaft  is  solid,  while  meet  heBcoptcr  powsr 
train  applications  use  hollow  shafts.  A good  up* 
proxirastion  of  the  required  fit  for  hollow  sted  shafts 
as  compared  to  solid  shafts  is  given  by: 


Hollo*  Shaft.  Fit  _ A|  + K2 
Solid  Shaft  Fit  1 + K2 


t + Af, 


, d’less  (.6-7) 


A,  - 


1 +M? 


d less  (164) 


d’less  (16-9) 


Mt  “ ratio  of  shaft  internal  diameter  to  bear- 
ing bore,  dimensionless 

M2  - ratio  of  bearing,  bore  to  outer  diameter  of 
inner  ring,  dimensionless 
Standard  bearings  are  manufactured  to  provide  a 
small  internal  running  clearance  when  mounted  with 


fl’l  - >W  ,.<1*.  , 
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the  fits  recommended  in  the  manufacturer'!  catalog. 
When  heavier  fits  (leu  clearance,  or  greater  in- 
terfsrence)  are  needed  to  prevent  creeping,  a bearing 
with  increased  internal  clearance  must  be  used  in 
order  to  avoid  prcloadinj  the  bearing  radially.  The 
change  in  internal  clearance  due  to  interference  fits 
for  both  ball  and  roller  bearings  can  be  calculated  for 
steel  shafts  or  housings  by  the  following  equations: 


A 1C 
Shaft  Fit 


An  ~ I 

A Wi  + *;> 


d’less  (16-10) 


A/C 

Housing  Fit 


stm  - 1) 

' *i  + K* 


d'less  (16-11) 


where  Klt  K2,  Af,,  end  U3  are  as  previously  defined, 
and  A/C  change  in  interior  clearance,  dimen- 


monies*,  and: 

AT) 

1 + M 3J 
l - A*/  • 

d'less 

(16-12) 

*4 

1 + A #/ 
1 — 

d’less 

(10-13) 

wbeie 

• ratio  of  inner  diameter  of  bearing  outer 
ring  to  bearing  outer  diameter, 
dimensionless 

MA  “ ratio  of  bearing  outer  diameter  to  the 

housing  outer  diameter,  dimensionless 
The  changes  in  internal  clearance  due  to  shaft  and 
housing  fits  are  added.  The  lowest  range  of  initial 
clearances  that  will  giye  a positive  running  clearance 


Additional  information  on  the  selection,  design, 
and  installation  of  both  rolling  element  and  sliding 
bearings  can  be  found  in  Ref.  5. 

Bearings  subjected  to  high  loads  or  speeds  must  be 
provided  with  sufficient  quantities  of  lubricant  to 
maintain  a satisfactory  heat  balance  and  avoid  ther- 
mal damage  to  the  contact  surfaces.  Grease  lubrica- 
tion or  splash-type  oil  lubrication  is  satisfactory  for 
bearings  operating  it  moderate  speeds  in  areas  where 
the  heat  injection  characteristics  of  the  bearing 
housing  are  favorable.  For  higher  speeds  — or  in 
potentially  high-temperature  areas  — jet,  splash,  or 
mist  oil  lubrication  usually  is  necessary,  often  with 
the  incorporation  of  an  oil  cooler. 

For  heavy  loads,  the  use  of  high-viscosity 
lubricants,  or  of  lubriants  formulated  with  extreme 
pressure  additives,  often  is  necessary.  High-tempera- 
ture applications,  such  as  in  engines  or  in  high-speed 


engine  reduction  gearboxes,  may  require  the  use  of 
synthetic-base  lubricants  of  the  ester  type.  These  syn- 
thetic lubricants  also  provide  the  advantage  of  good 
low-temperature  performance.  The  characteristics  of 
many  types  of  applicable  lubricants,  as  well  as 
descriptions  of  lubrication  systems,  are  given  in  Ref. 
6. 


16-3.2  BALLBEARINGS 

lire  type  of  bearing  most  widely  used  in  aircraft 
applications  is  the  bail  bearing.  Ball  bearings  can  be 
classified  in  three  categories:  tadial,  angular  contact, 
and  thrust. 


16-3-2.1  Radial  Ball  Bearings 


The  most  common  configuration  is  the  single-row, 
deep-groove  ball  bearing.  It  is  capable  of  supporting 
both  radial  loads  and  light  thrust  loads  in  either 
direction  while  operating  at  high  speeds.  While  most 
redial  ball  bearings  are  produced  to  ABEC-1  tolei- 
anccs,  higher  precision  bearings,  such  as  ABF.C-3,  -S, 
-7,  or  -9,  are  available  foi  very  high-speed 
applications  in  those  areas  where  shaft  location  and 


runout  are  critic*?.  The  hearings  in  the  !. teller  grades 
usually  contain  better-quality  retainers,  typically  of 
machined  bronze.  In  addition,  these  retainers  arc 
guided  by  one  of  the  bearing  races,  rather  than  being 
positioned  by  the  balls,  thus  further  improving  the 
high-speed  performance  of  the  bearings.  Pre- 
lubricated radial  ball  gearings  equipped  with  shields 
or  seals  are  available  for  grease-lubricated 
applications. 

Because  the  radial  ball  bearing  is  assembled  by 
radially  displecing  the  inner  and  outer  rings  and  then 
packing  the  balls  into  the  resulting  annular  space,  the 


K^arirtn  sc  limits  Th* 
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number  of  balls  in  the  bearing,  and  hence  the  load 
capacity,  can  be  increased  by  the  use  of  a filling 
notch,  a counterbored  inner  or  outer  ring,  a circum- 
ferentially split  inner  or  outer  ring,  or  a fractured  out- 
er ring.  These  features  yield  bearings  having 
calculated  capacities  that  are  substantially  greater 
than  those  of  normal,  deep-groove  bearings  of  the 
same  size.  However,  each  of  these  techniques  has  its 
limitations.  A filling  notch  limits  the  ability  of  a 
bearing  to  support  thrust  loads,  because  the  balls 
contact  the  notch.  Counterboring  a bearing  ring 
results  in  a bearing  that  can  support  thrust  loads  only 
in  one  direction;  therefore,  such  bearings  generally 
are  used  in  pairs  (see  par.  16-3.2.2).  Bearings  with  a 
circumferentially  split  ring  should  be  used  only  in  ap- 
plications having  a thrust  load  sufficient  to  prevent 
the  balls  from  riding  on  the  split.  Lastly,  bearings 
with  a fractured  outer  ring  should  not  be  used  to  sup- 
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pert  thrust  loud  since  this  type  of  loading  lends  to 
spread  the  outer  ring  apart  at  the  fracture. 

Double-row  bearings  are  available  for  applications 
requiring  higher  radial-load  capacity  within  a limited 
space  envelope.  Two  rows  of  balls  are  held  between 
single-piece,  double-grooved  inner  and  outer  rings. 
This  configurarion  provides  approximately  a 50%  in- 
crease in  radial  load  capacity  over  the  single-row 
bearing,  and  is  available  in  both  deep-gtoove  and 
maximum-capacity  types. 

For  applications  where  misalignment  is  a factor, 
self-aligning  bearings  are  available  in  two  types.  In 
one  type,  the  outer  race  is  ground  as  a spherical  sur- 
face, yielding  a standard  space  envelope,  but  with 
reduced  capacity.  The  other  type  employs  a separate 
spherical  outer  ring  While  the  capacity  of  this  design 
is  not  reduced  significantly,  it  has  a larger  outside 
diameter  for  a given  basic  size. 

16-3.2.2  Angular  Contact  Bearings 

Angular  contact  bearings  provide  increased  radial 
and  thrust  capacity,  but  limit  the  supportable  thrust 
load  to  only  one  direction.  In  this  type  of  bearing, 
one  shoulder  of  the  outer  ring  is  removed  rimosi 
completely.  The  remaining  small  shoulder  serves  to 
hold  the  bearing  together,  but  cannot  support  thrust 
loads.  The  bearing  is  ass  mblcd  by  heating  the  cuter 
ring  and  then  installing  the  inner  ring,  balls,  and 
retainer  as  a preassembled  unit.  This  construction 
permits  the  use  of  a maximum  ball  complement  and  a 
one-piece,  machined  retainer,  thus  yielding  both  high 
capacity  and  good  high-speed  capability. 

Angular  contact  bearings  can  be  made  with  a wide 
range  of  contact  angles.  As  the  contact  angle  in- 
creases, thrust  load  capacity  increases  and  radial  load 
capacity  decreases.  At  high  speeds,  a bearing  having  a 
high  contact  angle  will  experience  a large  amount  of 
ball  spinning,  with  resultant  heat  generation.  There- 
fore, tor  high-speed  angular  contact  ball  bearings,  the 
contact  angle  should  be  kept  as  low  as  possible. 

For  applications  in  which  thrust  loads  ir.ust  be 
carried  in  both  directions,  angular  contact  bearings 
often  are  mounted  in  duplexed  pairs.  When  a pair  of 
these  bearings  is  mounted  with  like  faces  together, 
they  become  preloaded.  Two  bearings  are  preloaded 
if  all  of  their  internal  looseness  is  removed  when  their 
inner  and  outer  rings  are  clamped  together.  Preload 
usually  is  built  into  a ball  bearing  by  grinding  the 
outer-ring  thrust  face  flush  with  the  inner  ring  while 
the  bearing  is  loaded  axially  with  a given  gage  load. 
The  thrust  face  of  the  outer  ring  is  marked  with  an 
identifying  symbol. 

When  two  such  angular  contact  bearings  are 
mounted  with  their  outer-ring  thrust  faces  togethei. 


as  shown  in  Fig.  !6-3(A),  the  beating  aet  is  known  as 
a duplexed  pair  mounted  back-to-back  with  a 
preload  equal  to  the  gage  load.  Higher  preloads  arc 
used  to  ensure  that  the  nonthrust-carrying  bearing 
does  not  become  unloaded  completely,  which  car. 
result  in  oall  skidding.  Back-to-back  duplex  moun- 
tings are  capable  of  carrying  combined  radial  and 
thrutt  loads,  reverting  thrust  loadt,  and  moment 
loading.  They  provide  a rigid  mount  for  the  shaft 
because  the  lines  of  contact  intersect  the  bearing  axis 
outside  the  bearing  envelope.  They  also  provide 
precise  location  of  the  shaft  since  all  internal 
looseness  is  removed. 

If  a pair  of  angular  contact  bearings  it  mounted 
with  the  r.onthrust  faces  of  their  outer  rings  together, 
as  shown  in  Fig.  16-3(n),  the  bearing  set  is  known  as 
a duplexed  pair  mounted  face-to-face.  This  type  of 
mounting  alto  can  take  combined  radial  and  thrust 
loads,  along  with  reversing  thrust  loads.  It  does  not 
provide  the  rigidity  and  moment-carrying  ability  of 
the  back-to-back  mounting,  but  will  tolerate  small 
amounts  of  misalignment. 

If  a pair  of  angular  contact  bearings  is  mounted 
with  the  outer-ring  thrust  face  of  one  bearing  against 
the  nonthrusi  face  of  the  outer  ring  of  the  other 
bearing,  the  bearing  set  is  known  as  a undent  pair,  as 
illustrated  in  Fig.  !6-3(C)-  This  type  of  mounting  is 


(A)  BACK-TO-BACK 


(B)  FACE-TO-FACE 


(C)  TANDEM 


Figure  16-3.  Mounting  of  Duplexed  Ball  Bearing* 
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uaad  to  carry  heavy  thrust  lotos  in  one  direction,  with 
the  bearings  sharing  the  load  equally.  However, 
tandem  mounting  doss  not  remove  all  of  the  internal 
looseness  from  the  bearings,  and,  therefore,  permits 
some  shaft  float. 

Thrust  Ball  Bearing 

Thrust  bail  bearings  arc  available  for  applications 
in  which  puns  thrust  loads  are  to  be  supported  at 
moderate  speeds.  These  bearings  afford  a very  high 
thrust  capacity,  but  provide  no  radial  support  for  the 
shaft.  Thrust  ball  bearings  are  quite  limited  in  speed 
capability  due  to  spinning  in  the  ball-to-race  con- 
tacts. and  they  also  are  sensitive  to  misalignment. 
Bemuse  even  small  ameunts  of  misalignment  can 
result  fo  hi^h  internal  contact  stresses,  a high  degree 
of  perpendicularity  must  be  maintained  between  the 
bearing  races  and  the  axis  of  the  shaft. 

Thrust  ball  bearings  are  made  for  applications 
requiring  thrust-supporting  capabilities  in  one  or  two 
dhuOions.  The  various  configurations  available  are 
shown  in  such  catalogs  of  manufacturers  as  Ref.  7. 


IMJ  ROLLER  BEARINGS 

Roller  bearings  are  used  most  frequently  in  appli- 
entfons  requiring  high  load  capacity  for  a given  space 
envelope.  The  various  types  of  roller  bearings  include 
cylindrical,  needle,  spherical,  and  tapered  roller  con- 
figurations. Needle  roller  bearings  have  s rolling 
element  length-to-diameter  ratio  significantly  greater 
than  that  encountered  in  typical  cylindrical  roller 
bearings.  Spherical  roller  bearings  use  concave  or 
convex  rolling  element*  in  order  to  permit  operation 
with  misalignment  between  the  shaft  and  the  housing. 
Both  spherical  and  tapcied  roller  bearings  can  sup- 
port combined  radial  and  thrust  loads  Their  limiting 
speeds  are  lower  than  those  of  cylindrical  roller 
bearings  because  of  sliding  between  the  rollers  and 
the  guiding  ribs. 

B3J.1  Cylindrical  Roller  Bearings 

Cylindrical  roller  bearings  are  used  typically  in 
applications  in  which  a purely  radial  load  is  to  be 
supported.  In  most  esses,  the  rollers  arc  crowned  in 
order  to  prevent  end  loading  and  to  compensste  for 
small  amounts  of  misalignment. 

Cylindrical  roller  bearings  are  manufactured  in  a 
standard  grade  designated  RBEC-l  for  most  com- 
mercial applications.  Precision-grade  RBEC-5 
bearings  arc  used  for  critical  helicopter  applications 
where  high-speed  capabilities,  and  very  precise  loca- 
tion and  alignment  of  the  shaft  are  essential. 

Cylindrical  roller  bearings  are  constructed  with  the 


rollers  running  between  two  flanges  on  either  the  in- 
ner or  the  outer  ring.  In  some  cases,  one  or  two  ad- 
ditional shoulders  are  used  in  order  to  limit  axial  mo- 
tion and  to  allow  the  bearing  to  support  light  thrust 
loads.  Such  configurations  are  known  ss  locating 
types  of  bearings  and  are  designated  as  one-  or  two- 
directional,  depending  upon  whether  one  or  two 
shoulders  are  used.  One-directional  locating  bearings 
have  separable  rings,  and  incorporate  a single 
shoulder  to  prevent  axial  movement  of  the  shaft  in 
one  direction.  Two-directional  locating  bearings  use 
two  race  shoulder.,  to  provide  shaft  location  and  light 
thrust  load  capability  in  both  axial  directions. 
Locating  roller  bearings  have  design  capabilities 
similar  to  those  for  non-locating  bearings,  except  for 
a slightly  lower  limiting  speed  due  to  sliding  of  the 
roller  ends  on  the  face  of  the  shoulder. 

Cylindrical  roll*  r bearings  afford  the  highest  speed 
capabilities  of  ill  roller  bearing  types,  in  utilizing 
these  capabilities,  the  designer  must  be  aware  of  the 
special  problems  associated  with  high-apeed  opera- 
tion. Operation  at  very  high  speeds,  usually  while 
carrying  rather  low  radial  loads,  can  result  in  roller 
skidding,  contributing,  in  turn,  to  early  bearing 
failure.  In  order  to  prevent  skidding,  several  tech- 
i iques  can  be  employed.  The  simplest  and  most 
reliable  method  is  to  insure  chat  a radial  load  suf- 
ficient to  maintain  rolling  contact  always  is  present. 
Because  this  is  not  always  possible,  particularly  when 
the  only  load  imposed  upon  the  shaft  is  torque, 
specialized  design  features  — such  as  reduced  inter- 
na! clearance,  out-of-round  outer  races,  or  the  incor- 
poration of  two  or  more  prcloadcd  hollow  rollers  — 
have  been  introduced  to  help  maintain  rolling  contact 
and  a constant  retainer  speed.  However,  bearings  in- 
corporating such  features  usuaiiy  require  extensive 
development  and  testing. 

With  high-speed  roller  bearings,  in  which  the 
retainer  is  guided  by  a shoulder  on  the  outer  ring,  the 
radial  growth  of  the  retainer  due  to  increased 
temperature  must  be  considered.  In  order  to  avoid  in- 
terference between  the  retainer  and  the  outer  ring,  the 
initial  retainer  clearance  must  be  large  enough  to  in- 
sure a running  clearance  at  the  maximum  operating 
temperature  of  the  bearing. 


16-3.3.2  Needle  Bearings 
Needle  bearings  comprise  a special  class  of  cylin- 
drical roller  bearings  in  which  the  rolling  dements  are 
long  in  relation  to  their  diameter.  Such  a design  has 
the  advantage  of  a very  high  load  capacity  for  a given 
radial  section.  Needle  bearings  are  manufactured  in 
both  full-complement  and  retainer  types.  The  full- 
complement  types  provide  high  radial  capacity  since 
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the  maximum  number  of  rolling  dements  is  used. 
Retainer  types  sacrifice  some  load  capacity,  but  have 
the  highest  speed  capabilities  of  any  cf  the  needle 
bearing  types  due  to  the  roller  guidance  and  spacing 
provided  by  the  retainer.  Because  of  the  high  length* 
to-diameter  ratio  of  the  rollers,  these  bearings  are 
susceptible  to  roller  skewing  and  roller  end  loading. 
Therefore,  they  are  limited  to  lower  speeds  than  are 
standard  cylindrical  roller  bearings.  Limiting  speeds, 
as  well  as  load  capacities  for  the  various  types  of  nee- 
dle bearings,  are  given  in  such  manufacturer’s 
catalogs  as  Ref.  8. 

Needle  roller  bearings  are  produced  in  several  con- 
figurations for  different  applications.  The  most  com- 
mon type  is  the  drawn-cup  bearing,  which  consists  of 
a drawn,  case-hardened  cup  surrounding  hardened 
and  ground  rollers.  The  cup  acts  as  the  bearing  outer 
race  and  incorporates  a lip  at  each  end  to  provide 
roller  retention.  The  shaft,  when  properly  hardened 
and  finished,  may  serve  as  the  inner  race,  or  a 
separate  inner  race  may  be  provided.  Drawn-cup 
bearings  are  manufactured  in  both  full-complement 
and  retainer  types. 

Caged  roller  assemblies,  consisting  of  ■ comple- 
ment of  hardened,  crowned  needle  rollers  and  a steel 
retainer,  also  are  available.  The  inner  and  outer  race* 
are  designed  separately,  using  clearances  and  finishes 
recommended  by  the  bearing  manufacturer.  The 
crowned  rollers  provide  fairly  even  stress  distribution 
along  the  roller  length,  and  increase  the  misalignment 
capability  of  the  bearing. 

Needle  thrust  bearings  use  cylindrical  rollers 
arranged  with  their  axes  positioned  radially  with 
respect  to  the  axis  of  the  bearing  and  held  in  a flat, 
machined  retainer.  The  rollers  run  on  fiat  races  that 
are  hardened  and  ground.  Care  must  be  taken  to 
locate  the  race  surfaces  perpendicular  to  the  axis  of 
rotation  in  order  to  prevent  end  loading  of  the  rollers. 
Because  the  rolling  elements  of  needle  thrust  bearings 
arc  cylindrical  rather  than  tapered,  some  sliding 
always  occurs  between  the  rollers  and  the  races. 
Because  of  this  condition,  a generous  lubrication  film 
should  be  provided  in  order  to  prevent  excessive  heat 
generation. 

HkUJ  Spherical  Roller  Bearings 

Spherical  roller  bearings  are  used  to  accommodate 
shafi  misalignment.  They  are  made  with  either  con- 
cave or  convex  spherical  rollers  in  both  single-  and 
double-row  configurations.  One  raceway  is  machined 
and  giound  to  conform  to  the  roller.  In  the  case  of 
convex  rollers,  guide  flanges  are  provided  on  this 
race.  The  other  raceway,  typically  the  outer,  is 
ground  with  a continuous  spherical  surface.  Single- 
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row  spherical  bearings  can  carry  high  radial  loads 
while  supporting  only  very  light  thrust  loads. 
Double-row  spherical  bearings  also  have  high  radial 
toad  capacities  and  can  support  thrust  loads  much 
higher  than  thoee  permitted  by  single-row  designs.  In 
addition,  double-row  bearings  can  be  made  with 
asymmetric  rollers,  which  reduce  the  roller  skewing 
tendency,  and  thus  permit  the  bearing  to  operate  rt 
higher  speeds.  Speed  limitations  and  load  capacities 
for  typical  spherical  roller  bearings  are  presented  in 
Ref.  9. 

In  addition  to  the  usual  single-  and  double-row 
designs,  spherical  roller  bearings  are  available  in  a 
special  thrust  bearing  configuration.  This  type  of 
beering  hat  a high  thrust-load  capacity  and  can  be 
manufactured  with  either  symmetric  or  asymmetric 
rolling  elements. 

Although  spherical  roller  bearings  do  not  possess 
the  high-speed  capabilities  of  cylindrical  roller 
bearings  or  ball  bearings,  they  afford  a combination 
of  high  load  and  misalignment  capacity  that  cannot 
be  equaled  by  any  other  bearing  type.  These  unique 
attributes  are  useful  in  many  helicopter  applications. 

16-3.. 1.4  Tapered  Hotter  tt  tarings 

In  helicopter  applications  in  which  both  radial  and 
thrust  loads  arc  high,  as  on  a bevel  gear  shaft,  tapered 
roller  bearings  should  receive  first  conskWrarion.  Of 
all  antifriction  bearings,  tapered  roller  bearings  offer 
the  best  combination  of  radial  and  thrust  capacities. 
The  raceways  and  rollers  of  a tapered  rolWr  bearing 
are  conical  in  shape.  If  the  lines  of  contact  between 
the  rollers  and  each  race  are  extended,  they  meet  at  a 
common  point  on  the  axis  of  the  bearing.  This 
geometry  results  in  virtually  pure  rolling  at  all  points 
of  contact.  Because  the  !uau»  imposed  upon  sad*, 
roller  by  the  inner  and  outer  races  (referred  to  as  the 
cone  and  cup.  respectively)  are  normal  to  the  line  of 
contact,  the  roller  experiences  a net  thrust  load 
toward  its  larger-diameter  end.  This  load  is  reacted 
by  a shoulder  on  the  inner  ring  (or  cone)  called  the 
cone  back  rib.  Sliding  always  is  present  between  the 
roller  and  the  cone  back  rib.  resulting  in  the  signifi- 
cant disadvantage  of  tapered  roller  bearings  — their 
limited  speed  capability.  At  the  present  state  of 
technology,  tapered  roller  bearings  should  not  be 
operated  with  a relative  velocity  greater  than  7000 
fpm  between  the  roller  and  the  cone  back  rib. 
However,  this  figure  is  arbitrary  and  will  be  increased 
as  more-advanced  taper  bearing  designs  are  pro- 
duced. 

Tapered  roller  bearings  often  are  mounted  in  pain 
or  in  a double-row  configuration  with  either  a one- 
piece  dual  cup  or  a cone.  Either  the  pair-mounted  or 
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tfc*  double  row  dsalgn  can  be  adjusted  during  in- 
«tS*tion  to  preload  the  bearings  axially.  This 
preload  is  used  to  insure  positive  axial  location  of 
theslrft.  and  to  prevent  roller  skidding,  la  betoopear 
power  transmission  applications,  preload  usually  is 
adjusted  by  moans  cf  a hardened  steel  spacer 
mounted  between  the  two  bearing  cones.  This  spsmr 
is  - ground  to  a thick  new  that  remits  in  s pre- 
determined rotational  drag  on  the  bsering  aassobly. 
Bsuusc  of  bearing  manufacturing  tolerances,  the 
final  grinding  of  the  preload  spacer  is  s triotasd* 
error  procedure,  and  an  ovsretosd  spacer  shook)  be 
provided  whh  the  assembly  in  order  to  insare  that  the 
proper  preload  can  be  achieved. 

1634  AlkFIAMEBEARINCS 

Several  senes  of  bell  and  roller  bearings  era 
manufactured  specifically  for  airframe  control 
applications.  These  bearings  poetess  high  static-toed 
capacity,  high  tolerance  to  misalignment.  and  typical- 
ly include  integral  shields  or  seals  suitable  for  grease 
lubrication.  These  bearing*  are  tailored  for  control 
applications  in  which  they  must  support  heavy  com- 
binations of  steady  and  vibratory  loads  under  con- 

lUtiAna  rtf  vartaKU  nnrlllnlrtra  mnlMM 
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Ball  bearings  for  airframe  control  applications  are 
of  the  full-complement  type  which  provide  high-loed 
capacity  within  a limited  apace  envelope.  Retainers 
are  not  required  since  high  speeds  are  not  a factor. 
Three  airframe  bearings  are  produced  in  both  an- 
nular and  rod  end  configurations  in  accordance  with 
applicable  Military  Specifications.  Annular  ball 
bearings  for  use  in  control  applications  are  covered 
by  MIL-B-7949,  and  the  applicable  standards  under 
the  specification  are  presented  in  Table  16-3.  The 
requirements  for  ball  bearing  rod  ends  are  defined  in 


TABLE  16-3.  STANDARDS  FOR  AIRFRAME 
CONTROL  ANNULAR  BALL  BEARINGS 


STANDARD 

TYPE 

(PREVIOUSLY? 

KS  27640 

KP  SERIES 

(MS  20200) 

MS  27641 

KP-A  SERIES 

(MS  20201) 

MS  27642 

' KP-B  SERIES 

(MS  20202) 

MS  27643 

DSP  SERIES 

(MS  20206) 

MS  27(44 

DPP  SERIES 

(MS  20207) 

MS  27645 

KSP  SERIFS 

(MS  28261) 

MS  27646 

B500DD  SERIES 

MS  27647 

DW,  GDW  SERIES 

MS  27643 

KP-BS  SERIES 

MS  27649 

AW-AK  SERIES 



MIL- 5-6039  and  the  applicable  standards  for  this 
type  erf  bearing  are  shown  in  Tahla  164. 

In  addition,  two  groups  of  rod  ends  referred  to  as 
the  Balanced  Design  Series  are  produced  to  mast  tits 
requirements  of  NAS66I.  The  applicable  standard* 
pertaining  to  this  specification  are  NAS6S9  and 
NAS660. 

Spherical  roller  bearings  also  are  used  for  airframe 
applications  where  especially  heavy  loads  must  be 
carried.  They  provide  good  seif-aligning  capability* 
and  may  be  used  for  rotating  shafts  as  well  as  in  oa- 
efflatory  applications.  Such  bearings  are  described  in 
MIL-B-S9I4.  The  standards  applicable  to  that 
specification  are  presented  In  Table  16-5. 

I64J  SLIDING  BEARINGS 

Various  types  of  sliding  bearings  are  used  in 
helicopter  applications.  The  control  systems  of 
several  current  aircraft  employ  spherical  bearing*  of 
both  the  grease-lubricated  and  the  seif  hshriratirg 
type*.  A typical  spherical  bearing  is  shown  3n  Fig.  16- 
4.  Spherical  bearings  also  are  a*,  liable  in  rod  ends 


TABV  r 14  A GTAMHA  DIMS  tIBnilir 

nSs/K  Sw’S#  winMimnssu  ■ vm  reaesl  nrtivsiM 

CONTROL  ROD  END  BEARINGS 


STANDARD 

TYPE 

MS  21150 
MS  21151 
MS  21152 
MS  21153 

SOLID  SHANK 
EXTERNAL  THREAD 
HOLLOW  SHANK 
INTERNAL  THREAD 

TABLE  16-5.  STANDARDS  FOR  SPHERICAL 
ROLLER  AIRFRAME  BEARINGS 


STANDARD 

TYPE 

MS  28912 

ANNULAR,  SINGLE  ROW 

MS  28913 

ANNULAR, DOUBLE  ROW 

MS  28914 

ANNULAR,  DOUBLE  ROW, 
WIDE  INNER  RACE 

MS  28915 

TORQUE  TUBE 
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for  installation  in  control  rod  assemblies.  Journal 
bearings  are  used  in  areas,  such  as  rotor  head  scissor 
assemblies,  where  the  loads  and  speeds  do  not  require 
antifriction  bearings.  Sliding  bearings  arc  not  subject 
to  fatigue  failures  of  the  type  that  occur  in  rolling- 
element  bearings,  and  thus  they  afford  an  increased 
degree  of  reliability.  However,  sliding  bearings 
exhibit  wear  characteristics  that  are  dependent  upon 
materials,  lubrication,  load,  speed,  and  environment. 

STAKING 


. LINER 
MATERIAL 


\0UTER 

RING 

FIgere  16-4.  Spherics'  Aircraft  Bearing 


Grease-lubricated  sliding  bearings  employ  either 
steel-on-steel  members  or  sintered  bronm  running  on 
steel.  Both  material  combinations  are  highly  resistant 
to  wear  if  they  are  lubricated  properly  and  frequently. 
In  many  helicopter  applications  (oscillating  motions), 
however,  daily  lubrication  of  such  bearings  is 
required  in  order  to  insure  satisfactory  operation. 

Several  self-lubricating  materials  are  used  currently 
as  liners  of  inserts  on  the  sliding  surfaces  of  these 
bearings.  The  most  commonly  used  liner  materials 
are  Teflon  fabric  and  carbon-graphite. 

Teflon  fabric  it  relatively  easy  to  manufacture  and 
can  be  bonded  in  both  spherical  and  journal  bearings. 
Teflon-lined  bearings  are  relatively  low  in  cost  and,  if 
properly  protected,  can  provide  very  good  service 
However,  the  liner  material  is  subject  to  deterioration 
as  a result  of  exposure  to  water,  dust,  and  oil  en- 
vironments. Teflon-lined  bearings  also  arc  limited  by 
the  pressures  and  velocities  that  can  be  imposed  upon 
them.  Table  16-6  gives  limiting  values  of  pressure  and 
velocity  for  Teflon  fabric,  as  well  ns  for  other  com- 
monly used  bearing  materials.  A PV  factor  (the 
product  of  pressure  and  velocity)  also  is  given  in  the 
table;  this  factor  frequently  is  used  as  a parameter  for 
initial  design,  it  should  be  emphasized  that  the  values 
given  in  Table  16-6  are  approximate  and  should  be 
used  only  as  a guide.  The  use  of  any  self-lubricating 
sliding  bearing  in  a critical  component  requires  that 
carefully  controlled  qualification  testing  be  per- 
formed. Unlike  life  calculations  for  antifriction 
bearings,  those  for  Teflon-lined  bearings,  as  given  in 
most  manufacturers'  catalogs,  can  serve  only  as  a 
rough  approximation  and  mutt  be  modified  by  the 
results  of  qualification  testing  and  service  experience. 


TABLE  16-6.  PROPERTIES  OF  SLIDING  BEARING  MATERIALS 
FOR  AIRFRAME  USt 


MATERIAL 

LIMIT  STATIC 
PRESSURE  OVER 
PROJECTED  AREA  P, 
psi 

LIMIT  SPEED 
V, 
fpm 

LIMIT  PV 

(PRODUCT  OF  STRESS 
AND  SPEED) 
psi  x fpm 

SINTERED  BRONZE 

8500 

1200 

25,000 

TEFLON  FABRIC 

60,000 

200 

5000-15,000 

CARBON-GRAPHITE: 

PLAIN 

RESIN-IMPREGNATED 

200-500 

500-1000 

200-500 

500-1500 

15.000 

12.000 
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Carbon-graphite  alio  has  been  used  for  self- 
lubricating  boaringt.  This  material  combines  the 
lubricity  and  low  friction  cf  graphite  with  the  good 
compressive-strength  characteristics  of  carbon.  It  is 
slightly  more  resistant  to  adverse  environments  than 
is  Teflon  and  has  demonstrated  a wear  life  equivalent 
to  that  of  s good  Teflon  fabric.  Its  disadvantages  in- 
clude brittleness,  which  may  be  a factor  if  shock  loads 
are  present,  and  the  relatively  high  cost  of  finished 
bearings,  which  is  related  to  the  poor  machinability 
of  the  material. 

The  Military  Specifications  and  Standards  that 
define  the  requirements  for  sliding  bearings  for  sir- 
frame  use  are  presented  in  Table  16-7. 

164.6  LAMINATED  ELASTOMERIC 
BEARINGS 

The  rotor  heads  in  most  helicopters  employ  ball, 
tapered  roller,  and  noodle  bearings  operating  with  os- 
cillatory motion.  Such  bearings  represent  a substan- 
tial proportion  of  the  rotor  system  weight,  and 
require  lubrication  and  sealing.  Laminated  elastomer 
bearings,  on  the  other  hand,  require  no  lubrication 
and  are  lighter  than  conventional  antifriction  bear- 
ings for  a given  load  capacity.  They  also  permit  the 
type  of  oscillatory  motion  and  loading  present  in 
most  rotor  applications. 

These  bearings  consist  of  thin,  met  si  laminates 
alternated  with  thin  sheet*  of  natural  rubber.  The 
rubber  is  bonded  to  the  metal  by  a process  similar  to 
that  employed  in  the  manufacture  of  lip  seals. 

Four  basic  types  of  laminated  elastomeric  bearings 
are  made.  Radial  bearings  see  able  to  support  a radial 
load  only,  and  permit  oscillation  about  one  axis. 
Similarly,  thrust  bearings  support  only  thrust  load, 


and  also  permit  motion  about  one  axis.  Conical 
elastomeric  bearings  art  analogous  to  tapered  roller 
bearings;  they  are  capable  of  supporting  both  radial 
and  thrust  loads,  and  permit  single-axis  oscillation. 
Spherical  elastomeric  bearings  are  the  most  suitable 
for  rotor  systems.  These  bearing*  employ  spherically 
shaped  laminates,  are  able  to  support  combined 
loads,  and  permit  oscillatory  motion  in  any  plane. 

The  laminated  construction  greatly  increases  the 
stiffness  of  the  elastomeric  structure  in  the  direction 
normal  to  the  laminations,  while  maintaining  virtual- 
ly the  same  deflection  characteristics  in  the  plane  of 
the  laminates  as  would  be  found  in  a solid  block  of 
rubber.  TI<  i permits  laminated  elastomeric  bearings 
to  support  high  loads  while  permitting  the  degree  of 
motion  necessary  in  rotor  system  components. 

In  the  design  of  u laminated  bearing,  the  most  im- 
portant parameter  is  known  as  the  shape  factor.  This 
factor  determines  the  load  and  deflection  capabilities 
of  the  laminated  structure,  and  is  defined  as  the 
loaded  area  divided  by  the  force-free  area.  For  a 
single  rectangular  rubber  laminate,  the  shape  factor 
SF  is  given  by: 


SF 


UB 

It  (Lw  + B)  ' 


d’lcw 


(16-14) 


where 

Lw  - laminate  width,  in. 

B - laminate  length,  in. 
t - laminate  thickness,  in. 

The  shape  factor  for  ■ laminated  elastomeric 
bearing  is  calculated  as  the  shape  factor  for  a single 
rubber  laminate  multiplied  by  the  number  of 


TABLE  16-7.  SPECIFICATIONS  AND  STANDARDS  FOR 
SELF-LUBRICATING  SLIDE  BEARINGS 


SPECIFICATION 

STANOARD 

SPECIFICATION 

STANDARD 

TYPE 

MIL-B-8942 

MS  21230 

MIL— B— 81820 

MS  14103 

WIDE  ANNULAR, GROOVED 

MIL— B— 8942 

MS  21231 

MIL— B— 81820 

MS  14102 

WIDE  AfNULAR, N0NGR00VED 

Mll-B  -8942 

MS  21232 

MIL— B— 81820 

MS  14101 

NARROW  ANNULAR,  GROOVED 

MIL— B— 8942 

MS  21233 

MIL— B— 81820 

MS  14104 

NARROW  ANNULAR,  N0NGR00VED 

MIL— 8 — 8943 

MS  21240 

MIL— B— 81934 

MS  21240 

SLEEVE  (JOURNAL),  PLAIN 

MIL— B— 8943 

MS  21241 

MIL-B-81934 

MS  21241 

SLEEVE  (JOURNAL),  FLANGED 

MIL— B— 8948 

MS  21242 

MIL— B— 81935 

MS  21242 

ROD  END  - MALE 

MIL— B—  8948 

MS  21243 

MIL— B-81935 

MS  21243 

ROD  END  - FEMALE 
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laminates  used.  For  helicopter  applications,  shape 
factors  of  30  to  40  have  been  found  lo  yield  the  beat 
results.  Additional  information  on  the  design  of  this 
type  of  bearing  can  be  found  in  Ref.  10. 

16-3.7  BEARING  SEALS  AND  RETAINERS 
16-3.7.1  Seals 

Several  types  of  sealing  devices  arc  employed  in 
helicopter  power  trains  and  rotor  systems.  The  most 
commonly  used  type  is  the  radiai  iip  seal.  In  this  con- 
figuration, a V-shaped  sealing  lip,  which  oontacts  the 
rotating  or  oscillating  shaft,  is  held  within  or  bonded 
to  an  outer  case,  which  in  turn  is  pressed  into  the 
component  housing.  The  sealing  lip  typically  is 
fabricated  from  either  natural  or  synthetic  rubber. 
For  oil-lubricated  applications,  the  sealing  lip  is 
forced  against  the  shaft  by  means  of  a circum- 
ferential grrtcr  spring.  In  grease-lubricated  com- 
ponents, this  spring  usually  is  omitted. 

Radial  lip  seals  are  fairly  inexpensive  to  manufac- 
ture, and  provide  reliable  oper  ation  at  surface  speeds 
up  to  approximately  3500  fpm.  For  higher  speeds,  a 

(luHr.jrjynamir  lip  wg{  thnijM  m^iyf  firftt  COniiHfri. 

tion.  In  this  type  of  seal,  the  interface  pressure 
between  the  shaft  and  the  seal  is  low,  and  a hydro- 
dynamic  oil  film  is  maintained  at  the  interface. 
Helical  grooves,  indentations,  or  ribs  are  molded  into 
the  air  side  of  the  sealing  Up  and  are  effective  in 
directing  the  oil  flow  back  into  the  area  to  be  sealed. 
Hydrodynamic  lip  seals  can  be  operated  at  surface 
speeds  of  up  to  10,000  fpm  because  of  the  reduced 
contact  force  and  the  maintenance  of  an  oil  film  that 
lubricates  the  sealing  lip. 

For  all  lip  seals,  the  compatibility  of  the  seal 
material  v-sth  the  fluid  to  be  scaled  must  be  taken  into 
account.  Many  of  the  current  lubricants,  particularly 
those  of  the  synthetic  ester  type,  have  a detriments) 
effect  on  certain  seal  materials.  Materials  such  as 
nitrile  rubber  and  fluoroclastomers  are  available  for 
use  with  this  class  of  lubricants.  Their  use  results  in 
increased  seal  cost,  but  often  is  necessary  in  order  to 
prevent  deterioration  of  the  sea!  lip  and  resultant 
leakage. 

For  applications  involving  high  operating  tem- 
peratures or  shaft  speeds,  carbon-face  seals  generally 
are  used.  These  seals  consist  of  a carbon  sealing  face, 
called  a nosepiece,  bearing  against  hardened  steel 
mating  rings,  which  must  be  extremely  flat.  Such 
seals  have  been  used  successfully  at  speeds  and 
temperatures  typical  of  turbine  engine  operation. 
Because  of  the  very  precise  tolerances  required  in  the 
manufacture  of  all  parts  of  carbon-face  seals,  their 
cost  is  many  times  that  of  a similarly  sized  lip  seal. 


Therefore,  face  seals  should  be  reatiictod  to  applica- 
tions where  surface  speed*  or  temperatures  prohibit 
operation  with  a lip  seal. 

Clearance  seals  — such  as  labyrinth  and  ring  seals 
— also  are  used  for  high-speed  operation.  They 
provide  satisfactory  sealing  when  the  shaft  is 
rotating,  but  permit  leakage  under  static  conditions. 
Therefore,  these  seals  should  be  used  only  in  ap- 
plications >n  which  a static  head  of  oil  is  not  present 
in  the  seal  area  when  the  component  is  not  in  opera- 
tion. 

For  applications  in  which  small  oscillatory 
motions  are  present,  such  as  in  rotor  head  hinges, 
diaphragm  seals  have  been  uaed  successfully.  These 
seals  employ  an  elastomeric  membrane  that  spans  the 
gap  between  the  o:  dilating  and  stationary  mem- 
branes of  the  seal.  The  membrane  undergoes  tor- 
sional deflection  under  the  oscillatory  motion.  As 
long  as  the  elastomer  and  the  metabto-elsuoner 
bonds  remain  intact,  the  diaphragm  sea!  is  able  to 
operate  without  leakage. 

Additional  information  on  various  available 
sealing  devices  can  be  found  in  Ref.  1 1 . 

16-3.7.2  Bearing  Rctcadva 

Several  methods  arc  used  to  retain  bearing  rings  on 
shafts  or  in  housings.  They  include  lock  nuts,  snap 
rings,  retention  clips,  and  treking.  A lock  nut  is  used 
to  retain  the  inner  ring  of  a bearing  on  a shaft. 
Together  with  the  diametral  interference  fit,  the  lock 
nut  prevents  the  bearing  from  creeping  under  load, 
and  alto  provides  axial  location  for  the  bearing.  The 
lock  nut  may  be  secured  with  a tab  washer.  Tabs  in- 
serted into  slots  on  the  nut  lock  the  washer  to  the  nut, 
while  serrations  on  the  bora  of  the  washer  fit  Into 
similar  serrations  or-  the  thread  ares  of  the  shaft,  thus 
preventing  the  assembly  from  turning. 

For  lightly  loaded  applications,  in  which  creeping 
is  not  a factor,  a bearing  outer  ring  may  be  retained 
by  a snap  ring.  The  snap  ring  is  installed  in  a groove 
in  the  bearing  housing,  and  bears  against  the  face  of 
the  bearing  outer  ring.  However,  snap  rings  provide 
no  circumferential  retention  for  the  bearing  and, 
therefore,  should  not  be  used  where  the  outer  ring  b 
rotating  'with  respect  to  the  radial  load.  For  such 
applications,  retention  dip*  normally  are  employed. 
These  clips  are  bolted  to  the  bearing  housing,  and  fit 
into  slots  that  are  machined  into  the  face  of  the 
bearing  outer  ring.  The  dip*  thus  can  provide  both 
axial  and  circumferential  retention.  However, 
bearing  clips  should  not  be  used  as  the  primary 
method  for  prevention  of  creeping.  Proper  selection 
of  the  interference  fit  will  insure  that  the  bearing  does 
not  turn  ir.  the  housing  under  load. 
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Spherical  control  bearings  commonly  are  retained 
in  a control  tod  by  (taking  their  outer  ring*.  Thu 
method  usas  a circumferential,  V-ahaped  groove 
machined  into  the  bearing  outer  ring,  as  shown  in  the 
detail  of  Pig.  16-4.  After  the  bearing  it  prened  into 
the  housing,  a special  tool  is  used  to  roll  the  portion 
of  the  outer  ring  outboard  of  the  groove  over  a 
chamber  in  the  base  of  the  housing.  This  provides 
positive  axial  retention  of  the  bearing,  and  permits 
the  bearing  to  be  removed  from  the  assembly  by 
applying  a heavy  axial  load.  Because  loading  of  these 
bearings  is  primarily  redial  in  direction,  the  staking 
procedure  has  been  found  to  be  satisfactory  foi  moat 
helicopter  applications  of  spherical  control  bearings. 

16*4  ELECTRICAL  FITTINGS 

16-4.1  GENERAL 

The  design  of  electrical  systems  is  discussed  in 
Chapter  7.  This  paragraph  discusses  the  fittings  used 
in  these  electrical  systems. 

Electrical  fittings  should  be  selected  for  reliability 
and  ease  of  maintenance.  Therefore,  several  design 
principles  should  be  observed 

1.  Mounting  hardware  should  be  connected  por- 
liUmutly  to  tin  part  tssj  ntouritou. 

2.  Features  should  be  provided  to  prevent  in- 
correct assembly. 

3.  Right-  and  left-hand  parts  either  should  be  iden- 
tical or  should  be  incapable  of  being  interchanged. 

4.  Components  should  be  protected  against  in- 
correct use  of  attachments. 

3.  Universal  mounting  features  should  be  incor- 
porated where  possible. 

6.  The  use  of  dissimilar  metals  in  intimate  contact 
shall  be  avoided  (see  MIL-STD-889  and  MIL-STD- 
434,  Requirement  16,  for  definitions  of  dissimilar 
metals).  An  interposing  compatible  material  shall  be 
uaed  if  combinations  must  be  assembled. 

7.  The  number  of  wire  and  cable  junctions  should 
be  minimized,  and  only  approved  device?  shall  be 
used  where  junctions  are  required. 

8.  The  use  of  identical  connectori  in  adjacent 
locations  should  be  avoided. 

9.  Junctions  should  be  accessible  for  inspection 
and  maintenance. 

10.  Terminals  and  junctions  should  be  spaced  a suf- 
ficient distance  apart  to  prevent  arcing  and  detri- 
mental current  leakage  between  circuits. 

Baca  use  of  the  number  and  variety  of  switchei,  ter- 
minal blocks,  connectors,  terminals,  and  insulating 
material)  available,  manufacturers'  dais  and  the 
referenced  Military  Specifications  should  be  con- 
sulted for  additional  information  not  presented  in 
this  chapter 


Marking  requirements  of  selected  electrical  end 
electronic  parts  are  defined  in  M1L-STD-I283.  MIL- 
E-7000 contains  the  feneral  requirements  for  air- 
borne electrical  equipment. 

164.2  CONNECTORS  AND  CABLE  ADAPTERS 

Connectors  are  used  for  joining  a cable  to  other 
cables  or  for  joining  cables  to  equipment  in  cases 
where  frequent  disconnect  is  required.  The  most  com- 
monly used  connectors  have  been  the  circular  and  the 
rack-and-panel  types.  MZL-W-5088  does  not  state  a 
requirement  for  a specific  type  of  connector,  but 
requires  that  selection  and  use  shall  be  in  accordance 
with  MIL-STD-I3S3.  Although  there  are  more  than 
30  Military  Specifications  dealing  with  connectors, 
the  designer  should  reduce  the  quantity  of  connector 
variations  and  limit  the  selection  to  those  which  lend 
themselves  to  common  termination  methods;  i.e., 
common  contacts,  common  bad.  hardware,  and 
common  assembly  tools.  This  discussion  is  limited  to 
those  connectors  most  commonly  used  in  heli- 
copters. Table  16-8  provides  a ready  reference  to 
these  types,  along  with  their  general  descriptions. 
Table  16-9  lists  additional  spedftcations  to  be  used 
where  special  requirements  exist. 

Connector  is  a generic  term  used  to  denote  both  an 
electrical  plug  and  a roceptadc  A plug  it  a con- 
nector that  normally  is  attached  to  a free-swinging 
electrical  cable.  A receptacle  is  a connector  that  nor- 
mally is  attached  rigidly  to.  or  is  an  integral  part  of,  a 
supporting  surface.  Each  connect  ir  shall  be  selected 
to  make  the  “live”  or  “hot”  side  of  the  connector  the 
socket  member  to  minimize  possible  shorting  when 
the  junction  is  disconnected.  The  dead  side  of  the  cir- 
cuit is  the  pin  member.  Therefore,  depending  upon 
the  individual  circuit,  a plug  may  contain  cither  pins 
or  sockets.  The  mating  receptacle,  of  course,  will  con- 
tain the  opposite. 

16-4.2.1  Connector  Selection 

A multitude  of  connector  designs,  with  specific 
capabilities,  are  available.  Moreover,  many  of  the 
features  of  these  designs  overlap.  Therefore,  the  re- 
quirements pertinent  to  the  task  for  which  the  con- 
nector is  intended  should  be  identified  and  then  com- 
pared with  the  features  of  those  available. 

Information  necessary  for  the  selection  ol  tl'-' 
proper  connector  includes  the  following: 

1.  Specific  types  of  connectors,  if  any,  designated 
in  the  contract 

2.  Applicable  environmental  conditions 

3.  Maximum  voltage  and  current  for  each  circuit 

4.  Number  of  circuits  to  be  accommodated  plus 
spare  contacts 
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TABLE  14-S.  MILITARY  SPECIFICATIONS  AND  STANDARDS  FOR  CONNECTORS 

FOR  AIRCRAFT 


SPECIFICATIONS 

TYPE 

STANDARDS 

DESCRIPTION 

MiL— C -5015 

CIRCULAR 

SEE  SPEC.  SUPPS. 

CONNECTORS.  ELECTRICAL. 
"AN" TYPE 

MIL-C -26500 

CIRCULAR 

SEE  SPEC.  SUPPS. 

CONNECTORS.  GENERAL 
PURPOSE,  ELECTRICAL, 
MINIATURE,  CIRCULAR. 
ENVIRONMENT  RESISTING, 
ESTABLISHED  REUABiLffY 

MIL— C— 38999 

CIRCULAR 

SEE  SPEC.  SUPPS. 

CONNECTORS,  ELECTRICAL, 
CIRCULAR,  MINIATURE, 

HIGH  DENSITY,  QUICK 
DISCONNECT,  ENVIRONMENTAL 
RESISTING,  REMOVABLE  CRIMP 
TYPE  COnYaCT  RELIABILITY 
ASSURANCE  PPdGRAM 

MIL-C-83723 

Circular 

SEE  SPEC.  SUPPS. 

CONNECTORS,  ELECTRICAL, 
CIRCULAR,  ENVIRONMENT 
RESISTING,  GENERAL 
SPECIFICATION  FOR 

MIL-C-24306 

...  . 

KACIt  ANU  rANtL 

stt  srtu.iurn. 

CONNECTORS,  ELECTRiCAL, 
RECTANGULAR,  MINIATURE 
POLARIZED  SHELL,  RACK  AND 

panel,  general  Specifi- 
cation FOR 

MIL— C— 26518 

RACK  AND  PANEL 

SEE  SPEC.  SUPPS. 

CONNECTORS,  ELECTRICAL, 
MINiATURE,  RACK  ANO  PANEL, 
ENVIRONMENT  RESISTING, 
200"C  AMBIENT  TEMPERATURE 

MIL-C -28748 

RACK  AND  PANEL 

SEE  SPEC.  SUPPS. 

CONNECTORS,  ELECTRICAL, 
RECTANGULAR,  RACK  AND 
PANEL,  SOLDER  TYPE  AND 
CRIMP  YYPE  CONTACTS. 

PCHtDAI  POCPlClOATinil  TflO 
LILMLIVnL  Ol  LL>II  IVjVX  1 IUH  1 Ult 

MIL— C— 55544 

FLAT  FLEX  CABLE 

SEE  SPEC.  SUPPS. 

CONNECTORS,  ELECTRICAL, 
ENVIRONMENt  RESISTING, 

FOR  USE  WITH  FLEXIBLE, 
FLAT  CONDUCTOR  CABLE, 
GENERA!  SPECIFICATION  FOR 
SEE  MIL-C-55543 

MIL-C -55302 

PRINTED  CIRCUIT 

SEE  SPEC. SUPPS. 

CONNECTOR, SOCKET, 
STRAIGHT  THROUGH, 

FOR  MULTILAYERED 
PRINTED  WIRING  BOARDS 

5.  Tjpc  of  attachment  required 

6.  Wire  oize,  material,  construction,  and  other 
characteristics 

7.  Type  of  coupling  required 

8.  Special  mounting  previsions  required. 

The  requirements  of  M1L-W-5088  also  should  be 
considered.  These  cover  safety-wiring  of  coupling 


nuts,  use  of  nomntcrchangeable  connectors  in  adja- 
cent locations,  drainage  provisions,  insulation, 
adapters,  and  scaling  requirements.  When  con 
ditions  permit  a choice,  the  crimp  style  of  attachment 
of  wire  terminations  is  preferred.  The  use  of  identical 
connectors  in  adjacent  locations  shall  he  avoided. 
Difference  in  size  or  insert  arrangement  is  preferred. 
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TABLE  16-9.  OTHER  MILITARY 
SPECIFICATIONS  AND  STANDARDS 
FOR  CONNECTORS 


SPECIFICATIONS 

TYPE 

MiL— C—10544 

CIRCULAR 

MIL— C— 12520 

CIRCULAR 

MIL-C-22249 

CIRCULAR 

MiL— C— 22539 

CIRCULAR 

MIL— C— 22992 

CIRCULAR 

MIL— C— 2421 7 

CIRCULAR 

MIL— C— 26482 

CIRCULAR 

MIL— C— 27599 

CIRCULAR 

MIL— C— 27699 

CIRCULAR 

MIL— C— 55116 

CIRCULAR 

MIL— C— 551 81 

CIRCULAR 

MIL— C— 55243 

CIRCULAR 

MIL— C— 8151  i 

CIRCULAR 

MIL— C— 81582 

CIRCULAR 

MIL— C—81703 

CIRCULAR 

MIL— C— 21617 

RACK  AND 
PANEL 

PLUG 


RECEPTACLE 


(A)  CIRCULAR 


(B)  KACI'.  AND  PANEL 


l 

J 

i 


Where,  identical  connectors  are  used  in  adjacent 
locations,  wires  and  cables  shall  be  so  routed  and  sup- 
ported that  improper  connections  cannot  be  made. 
Adjacent  connectors  using  the  same  insert  arrange- 
ment shall  be  selected  to  take  advantage  of  alternate 
insert  portions  or  alternate  shell  keying  positions.  If 
this  requirement  cannot  be  met,  color  coded  sleeves 
having  the  identification  of  the  associated  receptscle* 
shall  be  attached  to  the  wires  or  cables  near  the  plugs. 
The  receptacles  shall  be  color  coded  by  a colored 
band  on  mounting  structure. 

16-4.2.2  Circular  Comwctors 

Circular  connectors  are  the  most  popular  it 
used  for  general  aircraft  wiring.  This  type  of  connt  j- 
tor  is  shown  in  Fig.  I6-5(A),  and  Table  16-8  contains 
a luting  of  these  connectors  and  their  descriptions. 


Figure  16-5.  Common  Types  of  Connectors 


Standard  MS  connectors  are  available  with  from  1 
to  more  than  100  contacts,  and  in  15  different  insert 
diameters  ranging  from  0.259  to  2.550  in.  Connector 
sizes  are  based  on  the  diameter  of  the  receptacle  shell, 
stated  in  sixteenths  of  an  inch.  Standard  contact  sizes 
available  range  from  0 through  22.  Either  solder-  or 
crimp-style  terminations  may  be  obtained;  however, 
unless  otherwise  approved  by  the  procuring  activity, 
crimp-style  terminations  should  be  used.  Standard 
pin  arrangements  for  cylindrical  connectors  con- 
forming to  MIL-C-5015  are  contained  in  MS  33680 
through  MS  33690.  Pin  arrangements  of  other  types 
of  connectors  can  be  found  in  pertinent  MS  stan- 
dards. 
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16422.1  Tenriaadon  Seals 

Environment  resistant  connector*  having  wire 
■eating  grommet*  shaJJ  be  uaed  whenever  possible; 
however,  potting  may  be  used  when  no  connector 
having  a seating  grommet  is  suitable  for  the  applica- 
tion. Sealing  materials  should  meet  the  applicable  en- 
vironmental requirement*  and  should  be  selected 
from  either  M1L-S-8516  or  MIL-S-23586, 

1*4.12.2  CaMe  Adapters 
A cable  damp  often  is  used  at  the  end  of  the  cir- 
cular connector  to  support  the  cable  or  wires  and  to 
prevent  twisting  and  pulling  of  the  contact  termi- 
nations. Avoiding  this  motion  also  helps  to  reduoc 
the  transmission  of  moisture  along  the  wire.  For 
applicable  cable  clamps  and  other  aorenory  hard- 
ware, consult  the  supplement  to  th'  connector  speci- 
fication. 

164222  Connector  Couplings 
Three  basic  styles  of  circular  connector  coupling-* 
are  used:  threaded,  bayonet,  and  push-pull.  The 
bayonet  and  push-pull  styles  ofTer  qutck-dhccnnect 
features.  Other  features,  or  a combination  of  fea- 
tures, are  sometimes  used.  For  example,  a puti  io 
breakaway  action  may  be  incorporated  with  the  basic 
coupling. 

16422  Rack  and  Panel  Connectors 
Rack  and  panel  connectors  arc  used  to  connect  a 
cable  to  a fixed  receptacle,  a cable  to  a cable,  or  a 
module  to  a back  plate.  The  common  configuration  is 
rectangular  or  tome  variation  of  a rectangular  shape 
(see  Fig.  16- 5(B) ).  These  connectors  are  available  in 
many  sizes  and  shapes  conforming  to  Military  Speci- 
fications, and  also  in  w****"**^*!  configurations 
Refer  to  Tables  16-8  and  16-9  for  listings  of  the  mili- 
tary types,  and  to  the  manufacturers’  an<>  dis- 
tributers’ catalogs  for  the  commercial  types. 

1642.4  Flat  Contactor  CsUt  Connectors 
Where  flexible,  flat  conductor  cable  is  used,  con- 
nectors of  the  MIL-C-5S544  type  (Fig.  165(C)) 
should  be  considered.  These  connectors  arc  suitable 
for  connecting  fiat  cable  to  flat  cable,  to  round  wires, 
or  to  printed  circuit  boards. 

16425  Printed  Wiring  Beard  C sntcwn 
Printed  wiring  boerc  or  printed  circuit  connectors 
(Fig.  16-  5(D))  normally  arc  not  encountered  in  air- 
craft wiring.  They  arc  used  f<r  connecting  printed 
wiring  /oaids  to  conventional  wiring,  printed  wiring 
boards  to  each  other,  or  printed  wiring  boards  to  a 

\ 


bookplate.  Connectors  in  accordance  with  MIL-C- 
55302  are  preferred  for  printed  wiring  bonrd  ap- 
plications. 

1642  TERMINALS 

Common  types  of  terminals  currently  in  use  in- 
clude lug,  eyelet,  and  notched.  Their  installation  may 
be  of  the  dip-solder,  soktariesa  wrap,  taper  tab,  taper 
socket,  or  crimp  style.  Unless  otherwise  specified  in 
the  contractual  documents  or  approved  by  the  pro- 
curing activity,  wire  and  cable  terminals  should  be  of 
tbe  crimp  style 

Crimp  terminal?  allow  diuvft  contact  of  wire  and 
terminal  to  be  accomplished  by  deformation.  They 
can  t*-,  insulted  quickly  with  uniform  and  reliable 
quality,  even  by  newly  trained  personnel.  The  crimp 
can  be  accomplished  with  hand  toob  or  with  auto- 
matic equipment  and  can  be  inspected  easily.  The 
crimp  terminal  rosy  be  used  :n  high-temperature  ap- 
plications where  other  types  would  oc  unacceptable. 
The  connection  it  electrically  sound  and  mechanical- 
ly strong.  However,  reuse  of  crimp  joints  is  almost 
impossible.  A common  practice  b to  provide  extra 
wire  length  in  new  harness  oswmHieo  so  that  a 
damaged  or  defective  terminal  may  be  r*»i>ced  by 
cutting  otf  the  old  one  and  crimping  on  a new  one. 
AMCP  706-1 25  provides  a detailed  dkcussion  of  the 
requirements  and  characteristics  of  various  types  of 
terminations.  M1L-STD-I95  defines  the  marking  of 
connection#  for  electrical  assemblies. 

For  copper  wire,  MS  25036  terminals  (Tjpe  IJ,  in- 
flated) should  be  used  — except  in  application*  re- 
quiring conductor  temperatures  above  !0S*C.  Fee 
such  applications,  uninsulated  terminal*  (Type  I), 
conforming  to  MS  20659  and  to  the  requirements  of 
MIL-T-7928,  should  be  used.  For  aluminum  cable, 
terminal^}  conforming  to  MlL-7-nSv  ibuiisu  u6  iiiSu. 
Table  16-10  contains  additional  standards. 

164.4  TERMINAL  BOARDS 

Where  wire  or  cable  junctions  require  infrequent 
disconnection,  or  where  it  is  necessary  to  join  two  or 
more  wires  or  cable*  to  a common  point,  terminal 
boards  should  be  used. 

Terminal  .boards  should  conform  to  MS  27212, 
and  covers  conforming  to  MS  18029  should  be  used 
with  them,  rheas  boards  have  molded  barriers  and 
mokieti-in  studs.  They  may  be  purchased  in  standard 
lengths  and  cut  to  tbe  length  (number  of  studs)  re- 
quired for  cadi  installation.  Terminal  board  iden- 
tification should  be  in  accordance  with  the  para- 
graph titled  ‘’junctions’*  in  MIL-W-5S88. 

Busses  connecting  the  terminal  studs  should  con- 
form to  MS  25226. 
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TViLK  IMfc  MILITARY  SPECIFICATIONS  AND  STANDARDS  FOR  CRIMP-STYIE 

TERMINALS 


SPECIFICATIONS 

TYPE 

CLASS 

STANDARDS 

WIRE 

MIL— T— 7928 

1 

1 

MS20659.  MS21003. 
4.  5.6,18,9,10, 

1i.l2.1i.f4,  an6 

15 

COPPER 

MIL— T— 7928 

II 

1 

MS17143, MS25036 

COPPER 

MIL— T— 7099 

1 

MS25435,  6,  7,  8 
AND  9 

ALUMINUM 

MIL— T— 21608 

FERRULE 

1 

MS18121,  MS21989, 
MS21981 

SHIELDED 

CABLE 

MIL— T— 38732 
1 

SPLICE 

MS27429 

COPPER 

tLtvi  inv/iLdvri  ivhcd 
14-5.1  GENERAL 

Military  iwilcbd  in«t  be  ditiitiMd  to  obtain 
nwxtrarm  pow trt  capacity  withk  * limHof*  oat  and 
•pace.  Electrically,  the  rncwt  important  con- 
si  Aerations  involve  correct  iced  Talks  and  arrange 
(rent.  These  factor!  tlw  (R.vy  dictate  the  type  o'.' 
switch  to  iLwc  md  in  c gkes  application.  Other  oo.i- 
ektanttionn  ir.dwk  defftod  switching  sequence,  in- 
Bullion  r«itt tJh*s,  (radio  interference,  cavircn- 
nmt  Mtaectu,  and  euy  safety  features  that  might  be 
required. 

The  loader  lying  reqr.nmvcflls  for  each  twitch 
must  be  ansdyiad  thoroughly.  Such  factor*  as  vol- 
tage, rt&idy  cu-riijit,  surge  current,  frequency,  con- 
tact bust  <$i»ip.tlkm,  types  of  loads,  and  life  require- 
ments oust  be  considered. 

The  moat  commonly  uwd  switches  are  toggle, 
push-button,  sBds,  and  rotary.  Each  one  has  par- 
tksdar  advantage*,  which  must  be  weighed  for  the 
t&rssign  task  under  consideration.  M1L-STLM132 
oor  inins  refection  and  installation  requirements  for 
switches. 

Where  inadvertent  actuation  of  a switch  might  pro- 
duce serious  ©MMeqtteacw,  a switch  guard  Jaii  be  in- 
stalled. The  tttc&ptahte  types  of  guard  generally  fall 
into  cHImk  the  feed  or  the  hinged  category 

Fbtrri  guards  are  chennel-cbaped,  metei  member* 
that  require  a finger  to  be  inserted  into  the  ansa 


ImVSCm  tliC  CiifiTiNvi  Iwg5  tO  &Ctil£l£  turn-  Sm-Cu.  SvC 

MS  24417  and  MS  25221  for  this  configuration. 

Hinged  guards  have  a cover  that  swinge  down  over 
the  switch.  This  sever  must  be  raised  and  rotated  out 
of  tlie  way  before  the  switch  can  be  actuated.  Two 
types  of  hinged  guards  specified  in  MIL-G-7703  are 
Type  A switch  guards,  which  fi«ue  more  than  one 
maintained  position,  and  Type  B ewitth  guards, 
which  are  spring-loaded  to  the  closed  position. 
Military  Standards  describing  switch  guards  inclulc 
MS250M, -25214,  25223,  25224,  -25225,  and  -25452. 

Table  16-11  lists  specifications  and  standards  ap- 
plicable to  the  several  typer  of  switches. 

165.1.1  Toggle  Switches 
Two  types  of  toggle  switch  action  are  common: 
momentary  and  maintained.  Hick  switches  generally 
are  actuated  by  a toggle  lever  (often  shaped  in  the 
form  of  a bat),  and  have  a anap  type  of  actio-t.  They 
usually  have  either  two  or  three  positions:  either  side 
of  the  center  and  the  center  position.  Other  ar- 
rangements are  available  as  special  configurations. 
The  switching  action  may  be  one  of  many  standard 
types,  such  as  rocker-contact,  positive-action  toggle 
link,  or  others.  Toggle  switches  are  relatively  low  in 
cost,  and  arc  used  widely. 

! 4=5X2  Path  kmtbm  Switches 
Push-button  switches  are  classified  as  momentary- 
action,  maintajned-action,  and  sequential-action 
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TABLE  IB-1 1.  MILITARY  SPECIFICATIONS  AND  STANDARDS  FOR  SWITCHES 


SPECIFICATION 

TYPE 

STANDARDS 

DESCRIPTION 

MIL— S— 3786 

ROTARY 

SEE  SPECIFICATION 
SUPPLEMENTS 

SWITCH.  ROTARY,  GENERAL 
SPECIFICATION 
LOR  POWER,  AC,  DC. TOR 
ELECTRON^  Affo  CbMMUNICA- 
TION  EQUIPMENT 

MIL— S— 3350 

TOGGLE 

SEE  SPEC.  SUPPS. 

SWITCH.  TOGGLE,  GENERAL 
SPECIFICATION 
SEALED  AND  UNSEALED, 

AC  AND  DC 

WIIL-S-6743 

PUSH  BUTTON 
AND  LIMIT 

REPLACED  BY  MIL-S-8805 

MIL— S— 6744 

PUSH  BUTTON 
AND  LIMIT 

REPLACED  BY  MIL-S-8805 

MIL— S— 6745 

TOGGLE 

MIL— S— 6746 

ROTARY 

AN3212,  AN3213, 

rtllJtl** 

SWITCHES,  ROTARY,  SHIELDED 
AIRCRAFT  IGNITION 
SINGLE,  TWO  AND  FOUR  ENGINE 

MIL— S— 6807 

ROTARY 

MS21994  AND  j 
MS25002,  MS30547 

SWITCH,  ROTARY,  SELECTOR 
POWER 

FOR  USE  IN  POWER  CIRCUITS 

MIL— S— 8805 

SENSITIVE  AM) 
PUSH 

SEE  SPEC.  SI  PPS 

SWITCHES  AND  SWITCH  ASSEM. 
SENSITIVE  AND  PUSH  (SNAP 
ACTION),  GENERAL  SPECi- 
FICA1  ION 

SINGLE  PHASE,  AC,  DC 

MIL— S— 8834 

TOGGLE 

MS21026  AND  7, 
MS246I2, 13,  AND  14, 
55  AND  G,  MS25395, 

7,  AND  8, 10  AND  11 

SWITCHES,  TOGGLE,  POSITIVE 
BREAK.  AIRCRAFT,  GENERAL 
SPECIFICATION  FOR 
SEALED, AC, DC 

MIL— S— 9419 

TOGGLE 

MS28939,  SEE  PAR. 
3 OF  THE  SPECI- 
FICATION 

SWITCH,  TOGGLE,  MOMENTARY, 
FOUR-POSITION  bN,  CENTER 
OFF 

MINIMUM  ENVELOPE,  FREE 
RETURN 

MIL— S— 55433 

DRY-REED 

SEE  SPEC.  SUPPS. 

SWITCH  CAPSULES,  DRY-REED 
TYPE  HERMETICALLY  SEALED 
IN  GLASS 

MAY  BE  MAGNETICALLY 
OPERATED,  FOR  USE  IN 
COMMUNICATION,  ELECTRICAL, 
ELECTRONIC  EQUIPMENT 

\ 

% 
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typo.  A pushing  motion  in  line  with  the  button  nor* 
mally  is  required;  however,  a modification  of  the 
tnainiai nod-action  type  requires  a puD-to-operate 
motion. 

Military  push-button  switch  requirements  are  de- 
fined in  MIL-S-S805.  The  switches  described  are 
available  in  five  enclosure  designs,  four  temperature 
diaract eristics,  two  shock  types,  and  three  vibration 
grades.  The  specification  covers  both  sensitive  and 
push-type  switches.  Sensitive  switches  are  intended 
for  a nonhand-operated  mode,  while  manual  (push) 
switches  are  intended  lor  hand  operation.  The 
Supplement  to  MIL-S-8805  contain  a list  cf  speci- 
fication sheets  by  switch  title  and  a list  of  superseded 
documents  (MS,  AN.  and  JAN  standards  and 
specifications). 

16-5.0  Rotary  Switches 

Rotary  switches  are  tued  to  control  a number  of 
circuits  in  consecutive  steps.  These  switches  are 
available  in  single  or  multiple  wafers,  allowing  a large 
variation  in  the  configurations  and  making  the 
switches  adaptable  to  many  tasks. 

Dennis  are  ptovadu!  on  these  switches,  by  th-.  use 
of  steel  balls  carried  in  a detent  plate.  The  detents 
cause  a requirement  for  a relatively  high  torque  to 
turn  the  knob,  and  the  switching  takes  place  with  a 
•nap  action  at  maximum  force  and  velocity.  This  no- 
tion reduces  the  arcing  time  between  contacts  and 
promotes  longer  contact  life. 

Most  rotary  selector  switches  are  used  in  electronic 
circuitry  where  currents  are  low.  The  use  of  the 
sliding  type  of  contacts  on  toeae  switches  provides  the 
necessary  self-cleaning  required  for  low  contact  re- 
sistance. R ovary  switches  should  be  installed  with  the 
extreme  counterclockwise  position  as  the  OFF  posi- 
tion. MIL-S-3786,  MIL-S-6746,  and  MIL-G  7090  de- 
fine the  requirements  for  rotary  switches. 


16-6  PIPE  AND  TUBING  FITTINGS 

16-6.1  GENERAL 

Aircraft  hydraulic  systems  iMl  be  designed  and  in- 
stalled in  accordance  with  MIL-H-5440  unless  other- 
wise directed  by  the  procuring  activity.  Hydraulic 
system  requirement*  are  discussed  in  Chapter  9 and 
the  requirements  for  fuel  and  lubrication  systems  are 
described  in  Chapter  3.  This  paragraph  dneusees  the 
fittings  used  in  the  installation  of  hydraulic  systems 
and  in  the  installation  of  fud  and  lubrication  systems. 

Since  each  joint  represents  a possible  leakage  and 
trouble  spot,  the  institution  of  piping  systems  must 
be  accomplished  carefully.  The  number  of  con- 
nections used  should  be  reduced  to  a minimum  in 
order  to  assure  maximum  safety  and  system  ef- 
ficiency with  minimum  installation  and  maintenance 
costs. 

16-6.2  TYPES  OF  FITTINGS 

Many  type*  of  pipe  and  tube  fittings  are  available. 
For  aircraft  systems,  those  generally  used  are  tapered 
pipe  thread,  straight  thread  using  a gasket  seal,  flared 
tube,  flxreloss  tube,  thm-wall  tube,  quick  dsscouSaect, 
and  permanent.  Solder-type  tube  fittings  conforming 
to  MIL-F-6001  are  inactive  for  new  design,  except  for 
oxygen  systems  and  engine  primer  lines. 

1660.1  Tapered  Pipe  Threads 

Tapered  pipe  thread  fitting*  provide  reasonably 
leakproof  connections,  but  should  be  used  only  for 
permanent  attachments  or  closures.  Fig.  16-6  illus- 
trates this  type  of  fitting  and  the  related  specifications 
und  standards.  High-quality  workmanship  and 
machining  to  dose  tolerance*  will  insure  a rood  seal 
with  this  type  of  fitting.  However.  K cannot  be  used 
for  directional  adjustment  because  it  must  be 
tightened  properly  to  prevent  leaks,  and  there  is  a 
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danger  of  damaging  the  component  housing  if  the  fit- 
ting it  overtightened.  This  type  of  fitting  is  inactive 
for  new  aircraft  design,  except  for  oxygen  systems, 
and  should  be  avoided  where  possible 

16-6JJ  Straight  Thread  Fittings 
Straight  thread  types  are  preferred  for  installation 
of  fittings  into  the  hoes  of  a component,  as  illus- 
trated in  Fig.  16-7.  Standard  internal  thread  di- 
mensions for  bosun  are  shown  in  MS  93649.  The 
tubing  end  fittings  should  conform  to  MS  33S14  and 
MS  33515  (flaretas  tube  style);  or  MS  33636  and  MS 
336S7  (flared  tube  style);  or  MS  4385  and  MS  24386 
(flared  tube  precision  style).  Installation  instructions 
are  given  in  MS  33366  and  AND  10064. 

Straight  thread  fitting  installations  are  usable  for 
nominal  operating  pressures  up  to  and  including  3000 
psi  but  are  inactive  for  hydraulic  systems  in  new  air- 
craft design.  For  ibe  universal  elbow  fitting  installa- 
tion, refer  to  AND  10080. 

MS  28778  or  MS  29312  gaskets  should  be  used  for 
producing  the  seal  between  straight  thread  fittings 
and  components.  As  the  pressure  increases,  the  gas- 
ket increase*  the  seating  effect 
This  style  of  fitting  requites  less  torque  to  insure  a 
good  wsl  than  is  necessary  for  pipe  threads,  and  it 
may  bt>  disassembled  and  reassembled  without  de- 
terioration of  the  joint  quality.  Choice  of  the  proper 
thread  style  (MS  33366  and  AND  10064)  allows  the 
fitting  to  be  positioned  without  impairing  the  sealing 
properties. 

Installations  of  this  type  of  fitting  should  be  made 
carefully  in  order  to  minimize  service  problems.  Ex- 


treme caution  should  be  used  when  a gasket  it  in- 
stalled on  the  fitting.  The  gasket  should  not  be 
pushed  over  the  threads  or  ocher  areas  that  might 
nick  the  gasket  surface-  A plastic  or  metal  thread- 
protector  or  “thimble”  should  be  uead  during  in- 
stallation of  the  gasket. 

Specifications  for  installation,  gasket  selection  and 
lubrication,  fitting  torque,  and  positioning  should  be 
in  accordance  with  MS  33566  and  AND  10064, 

16-6.2.3  Flared  Take  Fittings 

Flared  tube  fittings  are  of  the  expanding  type.  The 
end  of  the  tube  is  flared  to  an  angle  of  37  deg  in  the 
mating  sleeve.  The  sleeve  and  flared  tube  end  then  are 
clamped  between  the  fitting  and  the  nut  to  form  the 
fluid  teal.  Fittings  of  this  type  are  shewn  in  Fig.  16-8 
and  should  conform  to  MIL-F-5309.  The  styles  of  fit- 
tings available  an  listed  In  AND  10039. 

The  external  male  fitting  md  should  conform  to 
the  dimensions  listed  in  MS  33636  or  MS  33657  for 
flared  tube  connections,  or  to  MIS  24385  os  MS243S6 
for  the  precision  type  of  flared  tube  connection.  For 
3000-psi  systems,  components  smaller  than  0.5-in. 
kudu  uzc  uiuuiu  uc  iuwjv  of  mvw  or  ?•  Vi r* • alloy. 

Aluminum  alloy  fittings  should  be  uard  with  caution 
in  installations  where  topesied  disassembly  and  re- 
assembly could  damage  the  threaded  fitting  end. 

The  tubing  end  should  be  flared  in  accordance  with 
MS  33584,  except  for  aluminum  a toy  tubing  of  0.308 
in.  or  less  (outside  diameter);  this,  instead,  should  be 
double  flared  in  accordance  with  MS  33583. 

Thcee  fittings  are  intended  for  use  in  aircraft  hy- 
draulic and  pneumatic  systems.  This  type  of  fitting  is 


Figure  16-7.  Straight  Thread  Fittings 


16-23 


inactive  for  hydraulic  systems  in  w«  tinriit  design. 
If  • dared  $ii  bit  fittii'sS  coonccttcn  iu  made  improperly, 
the  joins  wVi  Sk’wcvnr,  Sim*  pressure  k not  likely 

to  cauw.  the  tube  u blow  out  of  the  joint.  For  in- 
stallation information  concerning  dared  tube  fittings. 
9*6  AND  10064. 

The  tubing  layout  and  routing  should  be  designed 
m accordance  with  M1L-H-S440  or  MIL-F-3318.  The 
tubing  should  be  formed  so  that  no  strain  is  placed 
upon  the  fitting  when  the  connection  is  tightened. 
Sufficient  straight  length  should  be  allowed  between 
the  end  of  a bend  and  the  flared  portion  of  the  tube 
for  installation  of  the  nut  and  sleeve.  Tube  cutofT 
must  be  square,  and  ail  bum  must  be  removed  before 
the  nut  and  sleevu  arc  placed  on  the  tube  and  the  flare 


is  made.  The  finished  flare  tktU  be  inspected  for  pewk 
marks,  splits,  inadequate  squareness  or  concentri- 
city, and  other  defects.  AND  10064  ftfhtc*  ac- 
ceptable values  for  nut  torque  for  aeeembly  of  the 
joint. 


16-6^4  Flandeas  Take  Fittings 

Flare*eas  tube  fittings  are  of  the  compression  type, 
as  shown  in  Fig.  16-9.  The  tube  does  not  require  a 
flaring  operation.  As  the  nut  is  tightened,  the  sleeve  is 
compressed  by  the  fitting  body  and  deflects  into  the 
outer  surface  of  the  tubing  wall  to  create  an  inter- 
ference seal  between  sleeve  and  fitting  and  sleeye  and 
tube. 
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Figure  16-8.  Pared  Tube  Fittings 
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Figure  16-9.  Flarekss  Tube  Fittings 
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Fittings  of  this  typo  are  intended  for  use  in  aero- 
nautical fluid  systems  in  accordance  with  MIL-H- 
5440  and  MIL-P-5S18.  They  should  conform  to  MIL- 
FI8290,  and  tbs  installation  instructions  of  MS 
93966  should  be  follow'd. 

The  external  male  fitting  end  for  flareless  tubing 
should  conform  to  the  dimendotts  of  MS  31514  or 
MS  33515.  For  3000-psi  systems,  tubing  smaller  than 
0.5>in.  used  on  the  pressure  or  actuating  parts  at  the 
circuit  should  be  made  of  steel.  Aluminum  or  steel 
may  be  used  for  return  lines.  Tubes  measuring  more 
than  0.5-in.  may  be  of  steel  or  aluminum  alloy. 
Where  repeated  disassembly  and  reassembly  could 
damage  the  threaded  fitting  end,  caution  must  be 
used  if  the  fitting  is  of  aluminum. 

The  tubing  layout  and  installation  should  be  de- 
signed so  that  no  beading  or  springing  of  the  tube  is 
required  for  alignment  with  the  fitting. 

For  flareless  tube  fittings,  a tuba  of  less-ductile 
material  — such  as  high-strength,  thin- wall  tubing  — 
may  be  used. 

When  flardess  fittings  are  need,  an  improperly 
constructed  joint  may  causa  tha  tuba  to  be  blown  out 
of  the  fitting  when  premure  is  applied  to  the  has.  This 
v conic,  resuh  ,n  the  eompiets  km  m im  qwiiilii 
) fluid. 

Idle  tube  should  be  cut  square,  sod  internal  and  ex- 
ternal bum  should  be  removed.  Th*  amt  and  sleeve 
must  be  sUppod  on  the  tube  and  the  tubing  then  hdd 
against  the  shoulder  of  the  fitting  while  the  aut  and 
sleeve  are  being  tightened.  Tbs  nut  should  be  tot- 
quod  in  accordance;  with  tha  bwUmtiuas  of  MS 
3356S. 


164.24  Thin  Wai  Tahe  Cwmttan 
Installations  involving  targe  volumes  of  fluid,  such 
as  pneumatic  systems  or  power  plant  fuel  systems, 
should  use  relatively  large,  thin-wdl  tubing:  standard 
tubes  and  tube  fittings  could  resuh  in  unacceptably 
high  weights  and  pressure  losses.  Fuel  systems  shall 
be  designed  to  the  requirements  of  MIL-F-38363. 

For  fuel  systems  where  operating  pressures  to  125 
psi  are  present,  couplings  conforming  to  MIL-C- 
22263  should  be  considered.  Type  I couplings  con- 
nect two  tubes  with  MS  33660  Type  A rolled  bead 
ends;  Type  II  couplings  connect  two  tubes  with  MS 
33658  machined  fitting  ends,  two  MS  33660  Type  A 
rolled  bead  ends,  or  one  MS  33658  machined  and  one 
MS  33660  Type  A rolled  bead;  and  Type  III 
' ~ ^ couplings  connect  two  straight  end  tubes.  Standard 
) coupling  sizes  are  from  1.00  to  8.00  in.  This  type  of 
^ coupling  allows  expansion  and  contraction,  small 
\ angular  and  radial  misalign  menu.,  and  smooth  flow. 


Fuel  hoae  coupling  requirements  are  given  in  MIL-H- 
7061  and  MIL-H-580W. 


164J.6  Qdrfc  glace— set  Cngi  igi 

For  fuel  and  oil  lines,  automatic  shutoff,  qutek- 
ditcon nect  couplings  should  be  used  and  should  meet 
the  requirements  of  MIL-C-7413  for  Type  I fed  flee 
couplings  or  Type  II  oil  line  couplings.  Reference 
should  be  made  to  the  specification  for  classes  and 
other  data. 

For  the  hydraulic,  self-sealing,  quick -disconnect 
couplings  used  in  Type  I and  Type  II  hydraulic 
systems,  detail  requirements  are  covered  by  MIL-C- 
25427.  Two  daises  of  couplings  are  designated:  Class 
600  with  a rated  pressure  of 600  psi,  furnished  only  in 
1.25-in.  tube  size;  and  Oats  3000  with  a rated 
pressure  of  3000  psi,  furnished  in  0.25-  through  1.0- 
in.  sizes. 

For  protection  against  post-crash  fires,  all  flam- 
mable fluid  systems  shall  indude  uitomatioeLutoff, 
breakaway  fittings.  These  fittings  shall  be  designed  to 
break  away  at  the  specified  crash  load  factor,  and  to 
shut  off  and  thus  prevent  spillage  of  flammable 
fluids.  Sura  components  S'®  uauuwu  in  Cuipw  8, 
AMCP  706-201,  and  in  Ref.  12,  and  in  MIL-STD- 
1290. 


164X7  Permanent  Fltflf 
MIL-H -5440  requires  the  use  of  permanently 
joined  tube  fittings  except  for  production  breaks  and 
component  removal.  Permanent  connections  pro- 
vide s higher  degree  of  rdisbUity  than  either  flare  or 
fltrekss  fittings  and  can  result  in  substantial  weight 
savings  for  tha  system.  The  four  methods  in  current 
ust:  are  swaging,  brazing,  welding,  and  cryogenic. 
However,  standards  do  not  exist  for  these  com- 
ponents. Urage,  installation,  procedures,  and  test 
requirements  are  proprietary. 


16-7  CONTROL  PULLEYS 

16-7.1  GENERAL 

Selection  of  the  proper  pulley  for  a cable  system  is 
important  in  achieving  tong  cable  life.  Some  of  the 
earliest  control  systems  for  aircraft  were  of  the  cable 
type,  using  pulleys  when  a directional  change  was 
required.  These  systems  gave  long,  trouble-free  ser- 
vice when  properly  installed. 

MIL-F-9490  requires  that  approved  Military 
Standard  pulleys  in  accordance  with  MIL-P-7034  be 
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Med  (a  flight  control  systems.  The  Utter  sped- 
fleatkm  cover*  the  requirement*  for  single-groove, 
aattfHdon-beariiif  pulleys  of  two  types  and  three 
chases:  Type  I-Nonmeulik  and  Type  II-MetaUtc; 
cad  Class  1-Secondary  control,  Clast  2-Flight  con- 
trol and  Class  3-Heevy-duty  control.  For  standard 
configurations,  see  MS  20219,  MS  20220,  MS  2C221. 
and  MS  24 $66.  Performance  and  strength  require- 
ments and  other  data  bn  given  by  MIL-P-7034. 

U-7J  PULLEY  SELECTION 

The  selection  or  design  of  the  proper  pulley  for 
achieving  optimum  performance  should  be  baaed 
upon  several  guidelines.  A pulley  of  the  largest  feasi- 
ble diameter  should  be  used,  and  the  groove  radius 
and  the  pulley  strength  thaU  be  appropriate  for  the 
she  of  cable  being  used. 

16-7.2.1  Puflty  Diameter 

The  diameter  of  the  pulley  has  a primary  influence 
upon  cable  life.  An  increaie  in  cable  life  of  10-1S 
timet  can  be  achieved  by  doubling  the  she  of  a pulley 
from  an  initial  pulley-to-cable-diunctcr  ratio  of  less 
than  eight.  Smaller,  but  still  significant,  im- 
provements are  iriilibk  u the  diameter  ratio  in- 
creases. However,  increasing  the  pulley  diameter  re- 
sults in  increased  weight  and  space  requirements,  so 
the  improved  cable  life  must  be  evaluated  against 
these  factors.  Nevertheless,  pulleys  of  less  than  30 
times  the  cable  diameter  should  not  be  used  under 
normal  circumstances;  those  with  a larger  diameter 
ratio  should  be  used  when  possible. 

14-7X2  PuHey  Green 

The  radius  of  the  pulley  groove  also  is  important. 
Using  a cable  in  a pulley  where  the  groove  radius  is 
too  small  cauaos  a wedging  action,  possibly  resulting 
in  distortion  of  the  cable.  When  the  groove  radius  is 
too  large,  insufficient  contact  exists,  resulting  in  de- 
formation of  the  groove  tread  and  distortion  of  the 
cable,  and,  hence,  the  possibility  of  premature  failure. 
The  radius  of  the  pulley  should  equal  one-half  the 
cable  diameter  plus  approximately  0.015  to  0.030  in. 
for  cable  diameters  to  0.38$  in.,  and  0.0(0  in.  for 
cable  diameters  to  0.S  in.  The  contact  between  the 
cable  and  the  pulley  groove  should  be  equal  to  ap- 
proximately one- third  the  cable  circumference. 

16-7X3  Pafley  Strength 

The  strength  of  a pulley  may  be  limited  in  several 
ways,  depending  upon  the  material  from  which  it  ir 
made.  Consideration  must  be  given  to  be  buckling  or 
splitting  strength  of  the  sheave,  the  chocking  and 
shearing  strength  of  the  flange,  end  the  strength  of 


the  bond  between  the  pulley  and  its  hearing.  MIL-P- 
7034  and  the  MS  standards  provide  additional  infor- 
mation on  the  strengths  of  standard  pulleys. 

16-7.2.4  Polity  Ptffonaaaco 

Sufficient  wrap  angle  of  the  cable  on  the  sheave 
should  be  provided  to  overcome  the  static  friction 
torque  of  the  bearing.  Very  small  wrap  angles  should 
be  avoided  in  order  to  prevent  sliding  between  the 
cable  and  the  pulley  instead  of  pulley  rotation. 

Standard  pulleys  use  ball  bearings  that  an  grease- 
lubricated  and  sealed.  The  seals  an  capable  of  with- 
standing temperatures  of  -55*  to  12I*C.  The 
bearings  are  installed  in  the  pulley,  and  the  assembly 
then  is  checked  for  wobble  and  eccentricity  within  the 
limits  specified  in  M1L-P-7034.  The  design  of 
brackets  and  the  placement  of  guards  should  allow 
clearance  for  these  wobble  variations  to  avoid  rub- 
bing or  other  interference  with  the  pulley  mounting 
bracket. 

16-7XS  Noaawtattc  PuBeys 

NcnmetalHc  pulleys  (Type  I per  h IL-P-7034) 
should  be  fabricated  of  a material  that  meets  the  non- 
after 2-0“  requirements  of  the  specification,  In  addi- 
tion, this  material  should  meet  the  requirements  for 
fungous  resistance,  should  be  noncorroeive  to  tin-  or 
zinc-coated  carbon  steel  cables,  and  should  meet  the 
other  qualification  teste  of  the  specification. 

14-7.3  PULLEY  INSTALLATION 

Pulley  installations  ahall  be  designed  to  insure  that 
the  cable  alignment  (the  sngk  of  direction  of  change 
with  the  plane  of  the  pulley)  does  not  exceed  2 deg.  as 
shown  in  Fig.  16-!0(A).  The  effect  of  cable  sagging, 
where  long  runs  are  used,  should  be  oontiderod  when 
determining  the  cable  position.  If  necemry.  fair- 
leads  and  rubstripe  should  be  used  near  the  pvlley  to 
limit  this  misalignment.  The  design  of  the  pulley 
mounting  bracket  should  be  such  that  tbs  deflection 
of  the  pulley  under  load  does  not  result  in  a mis- 
alignment angle  in  excess  of  the  2-deg  maximum.  The 
slack -cable  ride  of  a system  under  load  should  be 
considered  to  insure  that  sagging,  binding,  and  «x- 
ccmsve  misalignment  do  not  occur. 

The  design  of  the  pulley  brackets  should  be  such 
that  there  is  room  to  thread  the  cable  eads  without 
the  removal  of  the  pulley.  Spacers  that  may  be  re- 
quired between  the  pulley,  and  the  mounting  boss 
should  be  made  integral  with  the  bracket  wherever 
possible.  To  the  maximum  posable  extent,  the  use  of 
thin  shims  or  washers  between  the  pulley  and  the 
tides  of  the  brackets  should  ha  avoided.  These  items 
are  difficult  to  ir  til  and  are  lost  or  omitted  easily 


16-26 


MAXIMUM 
CASH  *JU  -OFF 

3M 


(A)  MAXIMUM  MISALIOreiWT  MTW»«  CAM!  ANO  PLANE  OF  FUU.EY 


MAINTAIN  CASLE  AND 
FULLEY  CLEARANCE 


ONE  INTERMEDIATE 


(01  CAM.E  GUARDS  OFFSET  (El  CAJU  GUARDS  FOR  LARGE 

FROM  .ANOBtCV  POINT  MtAF  ANGLES 


pulley*  (Fig.  16- 10(B) ).  For  vary  tin *11  wrap  u^h, 
where  the  u*e  of  two  guard  pin*  is  impractical,  om 
pin  may  be  used  (Fig  16-10(C) ).  When  two  or  more 
pin*  are  used,  they  i <ty  be  offset  from  the  point  of 
Ungen cy  in  order  to  obtain  the  space  necessary  for 
their  installation  (Fig.  16-10(D) ).  Where  the  wrap 
angle  it  more  than  SO  deg,  intermediate  guard  pins 
should  be  installed  (Fig.  16-10(E)). 

To  avoid  possible  binding  due  to  relative  de- 
flections, the  support  for  guard  pin*  should  come 
from  the  same  bracket  that  supports  the  pulley.  The 
gap  between  the  guard  and  the  pulley  should  be  as 
small  as  possible,  yet  sufficient  to  allow  for  the 
tolerance  variations,  including  wobble  and  eooentri- 
cities.  The  gap  should  not  be  so  large  w to  permit  the 
cable  to  become  wedged  between  the  pulley  flange 
and  the  guard.  The  recommended  maximum  gap  is 
one-half  the  cable  diameter. 

Spring  guards  should  not  be  used  in  primary  flight 
control  systems.  If  used  in  secondary  control  systems, 
some  method  of  retention  in  addition  to  their  own 
spring  effect  should  be  considered.  If  used,  spring 
pins  should  be  installed  in  accordance  with  Mb 
33547. 


16-8  PUSH-PULL  CONTROLS  AND 
FLEXIBLE  SHAFTS 

164.1  GENERAL 


Figure  16-10.  Coble  Allgaaseat  and 
Pulley  Guard  Location 


during  routine  maintenance;  their  omission  could 
cause  th«  pulley  to  be  misaligned,  or  induce  un- 
desirable stresses  on  the  bracket  which  would  result 
in  premature  failure. 

Eccentric  loading  of  flat  sheets,  tension  in  welds, 
and  the  bending  of  mounting  flanges  should  be 
avoided.  Moreover,  adequate  back-up  structure 
should  be  used  to  provide  a rigid  support  of  the 
bracket  base. 

For  long  cable  life,  pulleys  in  the  same  cable  run 
should  not  be  installed  cioecr  together  than  the  maxi- 
mum cable  travel.  In  this  way,  no  portion  of  the  cable 
will  pass  over  more  than  one  pulley.  In  any  case,  the 
pulley  should  be  arranged  and  located  so  that  no  por- 
tion of  the  cable  is  made  to  reverse  direction  in  bend- 
ing when  passing  over  two  or  more  pulley*. 

16-74  PULLEY  GUARDS 

Guards  or  guard  pine  should  be  installed  at  the  ap- 
proximate point  of  tangency  of  the  cable  to  the 


Although  push-pull  controls  and  -lexibfe  shafts  arc 
similar  in  appearance,  they  differ  considerably  in 
construction  and  application.  Basically,  both  devices 
consist  of  a flexible  core  that  operates  inside  a casing. 
The  casing  supports  and  acts  as  a bearing  surface  for 
the  core.  The  push-pull  control  u used  to  transmit 
linear  motion  by  tension  or  compression  of  the  core. 
The  flexible  shaft  is  used  to  transmit  power  or  rotary 
motion,  usually  along  a curved  path,  between  two 
components.  These  two  devices  are  deaignod 
specifically  to  perform  their  individual  functions,  and 
they  should  not  be  interchanged. 

164J  PUSH-PULL  CONTROLS 

The  basic  components  of  the  push-pull  control  are 
the  inner  core  (usually  flexible),  the  outer  tubular 
casing  or  conduit  (rigid  or  flexible),  and  the  end  fit- 
tings, as  required. 

The  requirements  for  this  type  of  control  are 
defined  in  MIL-C-79S8.  Push-pull  controls  are 
designated  by  grades.  Grade  A controls  are  made  of 
specialty  selected  components  that  are  individually 
tested  in  order  to  insure  that  backlash  and  operating 
forces  are  reduced  to  the  minimum  value.  Grade  B 
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controls  in  made  to  high-quality  commercial  stand- 
ards for  application*  not  requiring  Grade  A control*. 
Many  type*  of  Grad*  B control*  art  available,  with  a 
variety  of  characteristics  and  atyla*  of  end  fittings  to 
meat  special  requirement*.  AppUcaMa  data  are  pro- 
vided in  manufacturers'  catalogs. 

The  advantages  of  the  push-pull  type  or  controls 
indude: 

1.  Eaaa  of  design  and  installation  because  they  are 
readily  routed  around  obstructions 

2.  Lower  weight  and  apace  requirements  than 
pulleys,  bell  cranks,  and  brack  *t* 

3.  Corrosion-resistance  and  permanently  lubri- 
cated construction,  resulting  in  erne  of  maintenance 

4.  A variety  of  end  fittings  that  adapt  readily  to  de- 
fied control  configurations 

5.  Randy  accommodation  of  motion  between  the 
input  and  output  anchor  points 

6.  Low  cost. 

However,  for  a satisfactory  design  using  push-pull 
controls,  the  limitations  of  this  type  of  system  must 
be  evaluated  and  determined  to  be  acceptable.  Such 
consideration  should  include: 

1.  Lost  motion 

2.  *Mv7v£Scd  friction 

3.  D assembly  required  to  inspect  the  sliding  core 

4.  Temperature  limitations,  particularly  for  as- 
•ambits*  using  non  metallic  reals 

3.  The  necessity  for  the  outer  bousing  to  be 
anchored  rigidly  not  only  at  the  end  fittings  but  at 
regular  intervals  along  its  length  (to  control  friction 
nj  loot  notkM) 

4.  hmAb  weight  disadvantage  for  long  control 

tpstama  wkh  acceptable  efficiency. 

14411  OtailTM 

The  aawtsei  metiee  avriiabie  (stroke)  from  a par- 
ting* pahfsl  c— trol  depends  upon  its  design  snu 
dwewkfishngs  need.  If  no  end  fittings  are  attached  *o 
As  astaMi  ease,  the  stroke  h dependent  simply 
npesi  hi  esnewat  of  cere  that  extends  past  the  fixed 
notar  hearing.  Many  styles  of  end  futinp  arc 
avaSahla  in  standard  configurations  that  will  sc- 
nnasmodaw  control  strokes  of  from  1 to  5 in.,  and 
may  be  cuetoa  tailored. 

USJJ  Central  Leeds 

The  allowable  push  load  that  may  be  imposed 
upon  a push-pull  control  is  dependent  upon  the 
maximum  stroke  of  the  control.  As  the  stroke  in- 
creases, the  column  length  of  the  unsupported  end 
mho  increases,  and  a corresponding  reduction  in  com- 
pression loading  ia  required.  The  allowable  pull  load 
usually  is  equal  to  the  maximum  rated  capacity  of  the 


control,  and  is  independent  of  the  stroke. 

As  the  number  and  sharpness  of  tbs  bends  and  the 
length  of  the  control  increase,  so  will  the  internal  fric- 
tion. To  achieve  the  desired  output  load,  the  input 
load  must  increase  accordingly  to  compensate  for 
these  friction  .osses.  This  factor  must  be  considered 
when  selecting  a type  of  control.  The  possible  in- 
crease in  load,  due  to  an  increase  in  friction,  that  may 
occur  during  the  life  of  the  equipment  also  should  be 
considered  to  insure  continued  satisfactory  opera- 
tion. 

I64.1J  Core  Ceoflgaratieaa 

The  inner  core  sliding  member  may  have  a number 
of  configurations.  The  simplest  form  ii  a single 
member  of  high  -tensilo-strength  spring  wire.  This 
type  of  control  generally  is  used  for  light  loads,  and  in 
installations  having  a small  number  of  bends  of 
generous  radii  (Fig.  16-1 1(A)). 

Cores  of  more  sophisticated  construction  should 
be  used  for  controls  requiring  higher  load  capa- 
bilities, more  flexibility,  and  minimum  backlash. 
These  may  be  tingle  or  multiple  strands  of  wire 
wrapped  with  outer  armor  to  provide  strong  but 
flexible  member;  (Fig.  1 6- ! !(B) ).  Others  msy  consist 
of  components  that  include  an  action  clement,  such 
at  a thin,  flexible  member  supported  by  balls  that  roll 
or  slide  in  raceways  inside  the  conduit  (Fig.  16- 
11(C)).  These  units  may  be  custom-assembled  for 
minimum  friction  losses  and  backlash,  and  high  load- 
carrying  capabilities. 

164.2.4  Coadalt 

The  outer  tubular  casing  or  conduit  of  a push-pull 
control  may  be  either  flexible  or  rigid  and  generally  is 
clamped  to  the  basic  structure  at  frequent  intervals.  It 
must  be  anchored  firmiy  at  the  ends  in  order  io 
achieve  the  desired  control  motion.  Complete  as- 
semblies may  consist  of  sections  of  both  rigid  and 
flexible  conduit. 

The  flexible  outer  casing  usually  is  a built-up 
member.  Typical  flexible  construction  contains  an  in- 
ner liner  of  hard  steel  or  plastic  to  provide  a good 
bearing  surface  for  the  core.  Around  this  liner  is  a 
structure  of  outer  windings  to  provide  longitudinal 
compressive  and  tensile  strength,  and  to  maintain  the 
i wired  flexibility  of  the  control.  This  outer  member 
is  sealed  in  order  to  prevent  moisture  and  other 
foreign  matter  from  entering.  This  seal  may  be  in  the 
form  of  a plastic  or  rubber  outer  jacket,  or  of  packing 
between  the  windings. 

Rigid  conduit  may  be  built  up  in  a manner  similar 
to  the  flexible  conduit,  except  that  it  usca  rigid-metal 
tubing  as  the  structural  member.  This  tubing  is  bent 
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carefully  to  the  desired  shape  and  fitted  to  thr  in- 
stallation. 

16-8.2.5  End  Fittings 

End  fittings  for  push-pull  controis  are  available  in 
a multitude  of  styles  and  sizes . Many  configurations 
have  a self-aligning  capability,  cither  by  flexing  the 
outer  casing  or  by  using  a slider  mounted  in  a swivel. 
A seal  is  incorporated  into  the  end  fitting  to  retain 
lubricants  and  to  exclude  foreign  matter.  Fig.  16- 
11(D)  illustrates  some  typical  types  of  ends. 

168.3  FLEXIBLE  SHAFTS 
There  are  two  basic  types  of  flexible  shafts.  One  is 


used  tc  transmit  power,  and  the  other  is  used  for  con- 
trol of  equipment.  The  construction  of  these  two 
types  is  quite  different,  and  they  should  not  be  inter- 
changed. 

Power-drive  shafts  are  constructed  to  transmit  the 
maximum  feasible  torque.  They  generally  are  con- 
structed to  rotate  only  in  one  direction,  and  in  small 
sizes  that  can  be  driven  at  continuous  speeds  of  up  to 
20,000  rpm.  The  casing  generally  does  not  fit  closely 
on  the  shaft,  and  therefore  the  unit  can  be  dis- 
assembled for  lubrication  and  inspection. 

Remote-control  shafts  can  be  rotated  in  either 
direction.  They  are  built  to  provide  maximum  ac- 
curacy and  genet  ally  are  operated  at  low  speeds. 
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Since  they  normally  do  not  require  periodic  lubrica- 
tion or  inapection,  the  cortruction  does  not  allow 
ready  disassembly. 

The  main  elements  of  ?.  flexible  shaft  are  casing, 
end  fittings,  and  shaft  end  fittings. 

164.3.1  Torque  Capacity 

The  torque  capacity  of  a flexible  shaft  is  reduced  as 
the  minimum  bend  radius  of  the  shaft  is  reduced.  The 
flexible  shaft  undergoes  the  most  severe  type  of  flexu- 
ral stress  when  it  operates  while  it  is  bent  — two 
phase  reversals  occur  during  each  revolution.  As  the 
bend  radius  decreases,  the  cable  strands  also  under- 
go more  rubbing  against  each  other.  The  minimum 
bend  radius  for  a given  shaft  is  dependent  upon  shaft 
ike.  number  of  layers,  types  of  material,  desired  life, 
and  the  required  torque  output. 

IMJJ  Flexible  Power  Shafts 

Flexible  power  shafts  are  designed  to  rotate  in  one 
direction  only.  The  torque  capacity  of  a power-drive 
core  in  the  unwind  direction  may  be  only  50%  of  that 
in  the  windup  direction. 

Flexible  shaft  cores  of  the  same  diameter  may  have 
significantly  different  characteristics.  The  core  usual- 
ly b made  up  of  a single  straight  wire  wrapped  with 
additional  layers  of  wire,  each  of  which  v wound  on 
the  preceding  layer.  Successive  layers  alternate  in 
pitch  direction.  Cores  may  vary  according  to  the 
number  of  wires  per  layer,  the  number  of  layers  of 
wire,  the  diameter  of  wires,  th*.  wire  material,  the 
spacing  between  the  wires,  and  the  type  of  con- 
struction. These  variables,  in  turn,  affect  such  core 
characteristics  as  torque  capacity,  tram  verse  stiff- 
ness, minimum  radius  of  curvature,  efficiency,  de- 
flection factor,  core  life,  sr.d  cost. 

When  selecting  a power-drive  shaft,  the  following 
factors  must  be  considered: 

1.  Maximum  torque  that  the  shaft  must  trinsmit 

2.  Operating  speed  ranges: 

a.  Normal,  1750  to  3600  rpm 
b Special,  to  10,000  rpm 
c.  Special  small  size,  to  20,000  rpm  (gearing  or 
other  means  should  be  used  to  increase  the  shaft 
speed  and  reduce  the  torque) 

3.  Maximum  torque  capacity  of  a possible  shaft 
configuration  and  effect  of  operating  radius 

4.  Direction  of  rotation,  preferably  such  that  the 
outer  layer  of  wires  tends  to  tighten 

5.  Normal  design  for  100  million  cyciee  at  rated 
speed  and  torque  capacity 

6.  Standard  rating  conditions,  and  environmental 
conditions  such  as  elevated  temperature  and  cor- 


rosive atmosphere  for  special  material  considera- 
tions 

7.  Required  safety  factor,  possibility  of  shock 
loading,  and  starting  overloads. 

Some  of  the  advantages  of  flexible  power  shafts 
over  other  types  of  torque-transmitting  devices  in- 
clude: 

1.  Power  to  equipment  can  be  transmitted  at  odd 
angles  relative  to  the  drive  shaft. 

2.  Insinuation  misalignments  are  accommodated 
easily,  allowing  more  flexibility  in  the  location  of 
equipment. 

3.  Driven  equipment  need  not  remain  in  the  same 
relative  position  to  the  driver  during  operation. 

4.  Torsional  fluctuations  can  be  absorbed. 

5.  Cost  it  relatively  low. 

6.  Rotating  elements  are  enclosed,  thereby  elimi- 
natt.ig  a safety  hazard. 

16-8  3.3  Flexible  Control  Shafts 

Flexible  control  shafts  are  designed  to  minimize 
the  overall  deflection  and  thereby  provide  the 
required  accuracy.  They  usually  can  fee  rotated  in 
either  direction  at  speeds  of  less  than  100  rpm.  Inter- 
mittent operatioi.  to  3000  rpm,  with  a low  (less  than  5 
min)  duty  cycle  followed  by  adequate  rest  period  % 
may  be  accommodated. 

These  control  assemblies  usually  ere  designed  with 
a casing  that  closely  flu  the  core.  The  end  fittings 
may  be  attached  permanently.  They  usually  do  not 
require  lubrication.  If  required,  cores  can  be  de- 
signed so  that  there  is  nearly  equal  deflection  in  either 
direction  of  rotation. 

When  selecting  a flexible  control,  the  following  fac- 
tors should  be  considered: 

1.  Maximum  torque  to  be  transmitted 

2.  pweiiiiaaiKt*  dcHcclion, 

3.  Shaft  length,  in. 

4.  Radius  of  smallest  bend,  in. 

5.  End  connections  for  both  shaft  and  casing 

6.  Size  of  core  diameter. 

Requirements  for  remote-control  flexible  shafts 
with  a steel  core  and  casing  arc  presented  in  MH.-S- 
3857.  Uniu  built  to  conform  to  this  specification  are 
intended  for  use  in  either  clockwise  or  counterclock- 
wise directions.  The  load  capacity  and  deflection 
characteristics  differ,  however,  depending  upon 
whether  the  operation  is  in  the  winding  or  un- 
winding direction  for  the  outer  layer  of  the  core.  The 
requiremenu  of  this  specification  should  be  reviewed 
for  applicability  to  the  requirement  at  hand.  For  in- 
stallations and  configurations  requiring  special 
characteristics,  manufacturers’  data  should  be  con- 
sulted. 
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16-9  CABLES  AND  WIRES 
^STRUCTURAL) 

16-9.1  GENERAL 

Cables  may  be  used  as  structural  members  in 
special  applications.  They  are  of  light  weight,  and 
they  may  be  made  flexible  for  ease  oi  stowing  and 
handling.  Their  use  as  tension  members  — for 
operating  controls,  slings,  and  hoists,  and  as  part  of 
machinery  — has  resulted  in  a number  of  types  of 
construction.  Data  concerning  the  design  and  use  of 
electrical  cables  and  wires  can  be  found  in  AMCP 
706-125. 


16-9.2  PREFORMED  WIRE  STRAND 
AND  CABLE 

When  a wire  is  preformed,  it  is  hehccily  formed 
into  the  shape  that  it  will  assume  in  the  finished  cable. 
This  relieves  the  internal  stresses  of  the  wtc  and  in- 
creases the  useful  life  of  cable  the.  U subjected  to 
repeated  bendings.  The  total  stress,  which  is  the  sum 
of  the  internal  stresses  and  the  bending  stresses,  is 
reduced  by  the  amount  oi  the  internal  stresses.  Outer 
advantages  of  preformed  wire  cables  are: 

1.  Ii  can  be  cut  without  seizing. 

2.  It  is  easier  to  handle,  has  less  tendency  to  loop 
or  kink,  and  is  more  tractable. 

-1.  !l  can  be  used  with  swaged  terminals. 

4.  It  has  little  or  no  tendency  to  rotate,  and  will 
run  true  over  pullsys,  helping  to  reduce  wear  of  the 
pulleys. 


16-9.3  TYPES  CF  CABLE  CONSTRUCTION 

Cable  is  made  by  stranding  many  fine  wires,  which 
can  be  of  various  materials.  However,  (or  aircraft 
applications,  corrosion-resistant  material,  as  tped- 
fied  in  MIL-W-5424  or  MlL-W-5693,  should  be  used. 
These  specifications  cover  wire  strand  and  cables  oi 
many  types,  as  desorbed  in  Tabic  16-12.  Coated 
cables  per  M1L-W-83M3  also  may  be  used. 

The  most  popular  type  of  ah  craft  crble  is  the 
seven-strand  construction.  Each  strand  consists  of  a 
number  of  individual  wires.  It  has  been  determined 
empirically  that  this  type  of  construction,  with  six 
outer  strands,  supplies  sufficient  roundnees  to  con- 
tact sheave  grooves  with  enough  outer  surface  to  af- 
ford all  of  the  bearing  surface  required,  and  provides 
enough  contact  points  to  present  abrasion  from 
being  concentrated  on  too  few  exposed  surfaces. 
MIL-W-5424  rpeeifievs  other  properties  of  the 
different,  types  of  cable  construction. 

16-9.1  CABLE  SELECTION 

When  selecting  the  cable  for  a specific  application 
all  pertinent  factors  must  he  considered.  The  require- 
mcb.is  must  be  matched  curcfuiiy  with  the  particular 
cable  properties.  A typical  comparison  that  might  be 
made  would  balance  the  following: 

1.  Cable  strength  and  maximum  load 

2.  Cable  stretch  u:d  allowable  deflection 

3.  Operating  chars  Christies  and  sysiesn  friction  (if 
applicable) 

4.  Wire  material  and  environment 

5.  Cable  constructim,  life,  tnd  ab'wion. 


TABLE  16-12,  MILITARY  SPECIFICATIONS  FOR  CABLES 


SPECIFICATION 

TYPE 

MIL— W— 5693 

TYPE  1 1x7  - WITH  WIRE  CENTER NONFLEXIBLE 

MIL— W— 5693 

TYPE  II  lxl 9- WITH  WIRE  CENTER —NONFLEXIBLE 

MIL-W-5424 

3x7  - WITHOUT  A CORE FLEXIBLE 

MIL-W-5424 

7x7  - SIX  OUTER  STRANDS  OF  SEVEN 
WIRES  AROUND  A CORE  STRAND 
OF  SEVEN  WIRES FLEXIBLE 

7x19— SIX  OUTER  STRANDS  OF  19 
WIRES  AROUND  A CORE  STRAND 
OF  19  WIRES FLEXIBLE 

MIL-W-5424 

6x19-  (IWRC)  SIX  OUTER  STRANDS  OF 

19  WIRES  AROUND  A 7x7  INDE PENDt.NT 
WIRE  ROPE  CORE- FLEXIBLE 
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l*4.4.i  Cable  Strength 

The  breaking  stiengtn  of  a cable  it  determined  by 
the  net  metallic  cross-sectional  area  and  iu  material 
properties.  The  net  metallic  cross-eectional  area 
equal*  the  aum  of  the  cross-sectional  area*  of  all  of 
the  individual  wires,  end,  therefore,  varies,  for  a 
given  nominal  cable. 

1*4.42  Cabfct  DcfUctiee 

The  total  cable  deflection  may  reauh  from  either 
constructional  stretch  or  elastic  stretch.  The  maxi- 
mum stretch  cBowod  by  MiL-W-5424  it  2%  when  the 
cable  is  loaded  to  63%  of  its  breaking  strength. 

Constructional  stretch  varies  from  cable  to  cable, 
and  results  from  the  small  spaces  present  between  the 
wires  and  the  strands,  anJ  between  the  strands  ai  d 
the  core  after  fabrication.  Cables  used  in  corP-o! 
systems,  and  where  large  initial  deflections  cannot  be 
tolerated,  are  proof-loaded  to  remove  this  stretch. 
The  cable  should  be  loaded  to  a minimum  of  60%  of 
its  breaking  strength  in  accordance  with  MIL-C- 
5688.  This  procedure  also  is  used  for  proof-testing 
cable  assemblies. 

Baltic  stretch  results  from  the  elongation  of  the  in- 
dividual wire*  as  the  ioad  is  applied.  As  the  load  is 
released,  the  wires  return  to  their  original  length, 
provided  the  elastic  limit  of  t »e  material  has  not  been 
exoeeded.  The  elastic  stretch  is  determined  from  the 
product  of  the  load  times  the  cable  length  divided  by 
the  product  of  the  metallic  cron-sectional  area  and 
the  modulus  of  elasticity. 


164.4.4  Wire  Material 

The  composition  of  wire  used  in  the  fabrication  of 
co.’rosion-resirtant  steel  wire  rope  is  given  in  M17.-W- 
5424  and  MIL-W-5693.  The  physical  properties  are 
determined  by  the  manufacturer  in  o.der  to  meet  the 
requires  tents  of  the  Military  Specification.  Many 
other  types  of  materials  are  available,  but  their  use 
should  be  considered  only  with  the  approval  of  the 
procuring  activity . Other  types  of  cable  include  gal- 
vanized carbon  steel  (MIL-W-6940  ar.d  MIL-W- 
1511)  and  nor  magnetic  corrosion-resisting  cables 
lMIL-C-18375). 


16-9.4.5  Cable  CsaSwctlss 

The  construction  of  the  cable  can  take  many  forms 
to  obtain  the  results  desired,  as  discussed  in  par. 
16-8-3.  The  type  of  construction  used  should  be 
matched  with  the  operating  requirement*  for  the 
cable.  A system  might  be  designed  using  segments  of 
cables  with  different  construction.  Aircraft  cable 
measuring  7 by  19  (7  strands  of  19  wires  uadi)  is  pre- 
ferred for  aircraft  controls  because  of  its  high 
strength,  good  flexibility,  and  bending  fatigue  re- 
sistance — which  allows  it  to  be  operated  ovo  rela- 
tively small  sheaves. 

The  7 by  7 (7  strands  of  7 wires)  aircraft  cable  is  not 
at  flexible  sa  the  7 by  19.  Since  each  strand  is  made  up 
of  only  seven  wires,  each  wire  is  larger  in  diameter. 
Therefore  this  type  of  construction  has  more  ability 
to  withstand  abrasion  tnan  does  7 by  19. 

The  I by  19  aircraft  strand  b considered  non 
flexible.  It  should  be  used  only  as  a straight  run  sec- 
tion because  its  minimum  stretch  results  in  increased 
rigidity  in  control  systems.  It  also  is  used  for  bracing, 
etc.,  where  its  compact  structure,  high  strength,  and 
minimum  stretch  ail  provide  added  benefits. 

Other  aircraft  and  commercial  cable  types  are 
available.  Some  arc  designed  for  high  energy  ab- 
sorption — as  in  launching  and  arresting  systems, 
towing,  etc.  Other  configurations  include  plastic- 
coated  cable,  particularly  desirable  for  use  as  a hand- 
hold or  guard  rail;  and  as  complex  assemblies  used 
for  communications,  where  electrical  conductors 
with  insulation  are  provided  inside  the  load-carrying 
outer  members. 


16-9,5  SAFETY  WIRE  AND 
CO i iER  rirvS 

Pins  always  should  be  made  vafe.  In  main  struc- 
tural members,  safety  can  be  achieved  by  drilling  a 
hole  and  using  a cotter  pin  or  safety  wire.  As  an  ad- 
ditional safety  measure,  bolts  end  pins  should  be  in- 
serted with  their  large  end,  or  head,  uppermost  in 
order  to  reduce  the  possibility  of  their  falling  out 
should  they  not  be  properly  safetied. 

In  general,  safety  wire  should  be  used  only  where 
self-locking  fasteners  or  cotter  pins  are  not  adequate 
to  withstand  the  expected  vibration  or  stress.  Safety 
wire  should  be  attached  so  that  it  can  be  removed  in 
accordance  with  MS  20995.  Inconel  (uncoated)  and 
Monel  (uncoatcd)  wire  should  be  used  for  all  general 
lock-wiring  purposes.  Copper  wire  that  hrs  bee;, 
cadmium-plated  and  dyed  yellow  should  be  used  for 
shear  and  seal  wiring  in  order  to  allow  operation  or 
actuation  of  emergency  devices.  Aluminum  alloy 


16-9.4.3  Operating  Characteristics 
The  operating  characteristics  of  a cable  are  de- 
pendent upon  the  type  of  construction  and  the  in- 
itiation. A friction-preventive  compound  mey  be 
applied  during  fabrication  to  reduce  the  friction  of 
the  cable  when  it  is  bent.  The  number  ct  bends,  the 
radius  around  which  the  cable  is  bent,  and  the  pulley 
covdtpu ration  in  which  the  cable  operates  all  affect 
the  operating  characteristics. 
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ALCLAD  3056.  anodised  and  dyad  blue  in  ac- 
cordance with  FEB-STD-593,  should  be  used  ex- 
clusively for  safety  wiring  of  magneshim  parte.  AH  of 
these  materials  can  be  identified  visa  illy  by  their 
color. 

The  wire  should  measure  0.032  in.  in  diameter  as  a 
minimum  for  general  purposes.  The  doubi>twi*t 
method  of  iifety-wiring  should  be  considered  m 
standard.  The  single- wire  method  may  be  used  in  a 
doedy  spaced,  dceed  geometrical  pattern,  on  parts  in 
electrical  systems,  and  in  other  applications  that 
makr  the  single-wire  method  more  suitable. 

Parts  shall  be  tafety- wired  in  such  a mutner  that 
the  lock  wire  is  put  in  tension  when  the  part  loosens. 
The  lode  wire  always  should  be  twtatrd  so  thet  the 
loop  around  the  head  stays  down  and  does  not  come 
up  over  the  bolt  head,  leaving  a slack  loop.  A pigtail 
of  0.25  toO.S  in.,  or  about  3 to  i twists,  should  be  left 
at  the  end  of  tbc  wiring.  The  pigtail  should  be  bent 
backward  or  under  to  prevent  snagging.  Fig.  16-12  il- 
lustrates various  lock  wire  applications.  The  txc  of 
safety  wire  and  cotter  pins  staff  be  in  accordance  with 
MS  33540. 
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CHAPTER  17 

PROCESSES 
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17-1  INTRODUCTION 

This  chapter  diKUKu  tbc  processes  used  in  the 
manufacturing  and  wmubiy  phuu  of  helicopter 
ccaetruction.  It  tacbdas  the  basic  metalworking 
procaeces  — - casting,  forging,  extrusion,  end  sheet- 
tnetxl  forming.  Medline  shop  practices  and  basic 
types  of  machine  tools  also  are  doomed.  The 
methods  of  joining  — such  as  welding,  brazing,  and 
spidering  — sre  discussed,  as  art  the  processes  of 
madwnknl  fastening,  hooding,  swaging,  and  cable 
spiking.  Various  typos  of  beat  treatment  arc 
described,  including  stress  relieving,  conventional 
quenching  and  tempering,  aging,  and  surface 
hardening.  Work  hardening  techniques,  such  as  shot- 
peering  and  burnishing,  am  eddrened,  together  with 
the  types  of  materials  and  parts  whose  fatigue- 
resktascc  improves  as  a resuit  cf  prsanirg.  Tbs 
tooling  requirements  needed  to  produce  a given  type 
of  helicopter  structure  or  pert  arc  reviewed. 

Vendors  should  be  used  as  additional  information 
sources  because  of  the  continuing  development  of 
new  materials  and  new  procemes  that  alter  the  coat 
and  performance  relationships  between  alternative 
manufacturing  processes. 


which  somewhat  greater  weight  can  be  tolerated  — 
can  be  produced  more  economically  by  casting.  A 
part  that  will  be  subject  to  high  strar  t and  in  which 
toughness  also  is  required  — and  where  high 
strength,  lighter  weighty  and  better  finish  also  are 
necessary  — might  be  fottnud  better  by  forging.  Ex- 
trusion forming  may  be  preferable  where  high- 
strength,  ctase-tolerance  parts  having  a continuous 
contour  — e.g.,  rails,  tubing,  and  beams  --are 
required.  Large-area,  thin-wall,  deep-draw  con- 
figurations mote  often  will  be  formed  from  sheet 
metal.  In  most  cases,  some  machining,  joining,  and 
finishing  will  be  involved.  Only  a detailed  analysis, 
with  a careful  evaluation  of  the  several  process  and 
material  costs,  will  provide  a sound  basis  for  selecting 
the  metal-forming  process  for  a particular  part. 

Forgings,  castings,  extrusions,  and  sheet-meta! 
parts  will  constitute  the  major  portion  of  any 
helicopter.  The  parts  produced  by  these  processes 
range  from  the  smallest  and  most  precise  instrumen- 
tation to  the  largest  castings  for  gearbox  housings. 

The  materials  employed  in  these  processes  include 
iron,  steels,  high-performance  alloys,  copper,  mag- 
nesium, aluminum,  and  titanium. 


17-2  METALWORKING 

17*2.1  GENERAL 

This  paragraph  diacuasca  metal-forming  processes 
and  their  applications  to  the  construction  of  heli- 
copters, as  aril  as  some  of  the  parameters  governing 
the  choice  of  one  prose*  among  many  for  the  pro- 
duction of  a particular  part.  More  comprehensive 
discussions,  as  well  as  derailed  design  data,  are  found 
in  other  documents  such  as  AMCP  706-100,  MIL- 
HDBK.-5,  -693,  -694,  -697.  -696.  and  -723.  Also,  Ref. 
1 is  an  important  source  for  design  data  and 
metallurgical  details. 

The  primary  mete!  fabrication  processes  are 
casting,  forging,  extrusion,  and  shert-metal  forming. 
The  thrice  of  the  appropriate  process  depends  upon 
the  mu  and  complexity  of  the  part,  the  nature  and 
magnitude  of  the  streams  to  which  it  will  be  sub- 

?jectod,  the  material  from  which  it  trill  be  made,  and 
the  relative  coats  of  fabrication.  In  general,  large, 
fairly  complex  parts  — which  require  high  rigidity, 
are  not  subject  to  excess! "s  stress  or  impact,  and  for 


I7-L2  CASTING 

Metal  castings  are  fo.'med  by  pouring  molten  metal 
into  a prepared  cavity  and  allowing  it  to  solidify.  The 
canting  processes  most  commor.iy  used  in  the  manu- 
facture of  helicopter  components  arc  sand,  in- 
vestment, permanent  mold,  and  centrifugal.  Casting 
is  selected  over  alternative  methods  primarily  on  the 
basis  of  cost.  The  strength  of  castings  generally  is 
lower  than  that  of  wrought  alloys.  However,  the 
structural  properties  of  castings  arc  the  same  in  all  di- 
rections, and,  therefore,  in  case  of  symmetrical 
loadings  a casting  may  be  the  most  efficient  design. 
Castings  should  not  be  employed  when  the  prc- 
c minant  loadings  art  not  steady,  i.e.,  when  the  loads 
either  are  alternating  or  involve  impact,  because 
castings  do  not  have  the  toughness  of  wrought  alloys. 

The  possibility  of  the  inclusion  of  sand  or  f iber  im- 
purities, blow  holes,  or  other  invisible  flaws  results  in 
the  need  for  careful  quality  control  of  those  castings 
used  in  critical  applications.  MIL-C-6021  provides 
the  standards  for  classification  of  castings  on  the 
basis  of  the  hazard  following  their  failure,  and  also 
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specifics  applicable  quality  control  requirements. 
Allowable  strength  of  castings  is  discussed  in  Chapter 
4,  AMCP  706-201,  and  test  and  demonstration  re- 
quirements ere  given  in  Chapter  9,  AMCP  706-.XI3. 

17-2.2.1  Sari  Castings 

Sand  casting  consists  of  forming  a mold  from  sand 
compi  cased  around  a suitable  pattern  of  the  part  tj 
be  made,  removing  the  pattern,  and  pouring  in 
rr.oltcn  metal  to  replace  the  pattern.  The  advantages 
of  this  process  are:  almost  any  metal  may  he  used, 
there  is  almost  no  limitation  to  the  size  or  shape  of 
the  part,  and  the  process  is  relatively  low  in  cost.  In 
addition,  extreme  complexity  is  possible,  tool  costs 
are  low,  and  the  process  provides  the  most  direct 
route  from  pattern  to  mold.  There  are  also  disadvan- 
tages: 

1.  Sand  castings  have  rough  surfaces. 

2.  Close  tolerances  are  quite  difficult  to  achieve. 

3.  Some  alloys  develop  defects. 

4.  Long,  thin  projections  are  not  practicable. 

5.  Some  machining  usually  is  necessary. 

17-UJ  Investment  Castiaga 

Investment  casting  uses  patterns  of  wax  made  in  a 
split  mold  These  patterns  can  be  combined  into  com- 
plex assemblies.  The  assembly  then  is  “invested”  by 
coating,  first  with  a fine  slurry  of  refractory  powder 
and  binder  material  and  then  with  progressively 
coarser  layers  of  sand.  When  the  resulting  mold  is 
baked,  the  wax  is  melted  out  (lost),  leaving  a smooth- 
wailed  cavity  into  which  the  metal  is  cast. 

This  proceis  has  the  advantages  of  high  di- 
mensional accuracy,  excellent  surface  finish,  and 

nearly  unlimited  ifiificacy.  Moreover,  almost  any 
metal  may  be  used.  However,  the  size  of  the  part  that 
can  be  formed  is  limited,  the  labor  cost  is  high,  and 
expensive  patterns  and  molds  are  required. 

17-2.2 .3  Permanent  MoM  Castings 

In  the  sand  and  investment  casting  processes,  the 
mold  it  destroyed  during  the  removal  of  each  casting. 
In  permanent  mold  casting,  the  molds  are  made  of 
metal,  usually  cast  iron,  die  steels,  graphite,  copper, 
oi  aluminum.  The  permanent  mold  is  machined  for 
dimensional  tolerance  and  draft  angles.  Vent  plugs 
arc  inserted  into  the  cavity  to  allow  gases  to  escape 
when  the  molten  metal  is  poured.  The  process  is 
readily  automated,  with  many  molds  on  a turntable 
using  a fixed  pouring,  cooling,  and  ejection  cycle. 

The  proores  has  the  advantages  cf  good  surface 
fuvM'ii  sud  grain  structure,  high  dimensional  ac- 
curacy, rapid  production- rate,  low  scrap  rate,  and 
low  porosity.  Diradvauuges  include  high  initial  mold 
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cost;  limitations  on  the  "hape.  size  and  intricacy  of 
castings;  snd  process  limitations  for  metals  with  low 

melting  points. 

17-2.2,4  Cwrtrftagal  ilaisrtegs 

In  sand  and  investment  casting,  the  mold  it  filled 
with  uncial  simply  by  the  force  of  gravity.  In  centri- 
fugal Mid  ccntiifw^ : casting.,  a centrdVgal  force  60-75 
times*  hue  fores  of  gravity  exerts  preteure  on  the  metal 
by  spinning  the  moW  tvkiJe  ths  molten  » 

charged  to  it.  The  mold  even  may  be  rotated  start 
two  axes.  Centrifuge  force  helps  fill  the  judd  com- 
pletely. Gases  and  impi  ’liies  arc  concentrated  near 
the  center  of  rotation,  and  gaaat  ejid  r jeers  arc  kept  to 
a minimum. 

This  method  is  particularly  adaptable  to  small,  in- 
tricate castings  that  otherwise  would  be  difficult  to 
gate.  A good  surface  finish  is  obtained.  However, 
tooling  corts  for  centrifugal  casing  hit,  high  and  the 
castings  must  be  symmetrical.  Alloys  of  separable 
metals  may  not  be  distributed  evenly. 

17-2.3  FORGING 

I he  ierging  u:  a mciai  part  mvclvsv  hsniiiig  a 

metal  blank  to  a plastic  state  and  hammering  it  into 
shape.  In  thu  process,  great  strength  it  imparted  be- 
cause of  the  beneficial  grain  flow  that  takes  place  as  a 
result  of  the  kneading  action  on  the  metal.  The  grain 
flow  is  changed  to  follow  the  contour  of  the  part,  re- 
sulting in  a tough,  fibrous  structure.  Usually,  the 
shaping  takes  place  between  closed  dies  that  de- 
termine the  contour  of  the  forged  part.  Forgings  have 
high  strength,  high  impact  strength,  and  great  re- 
sistance to  fatigue,  and  are  used  for  applications  in 
shafts,  axles,  springs,  gears,  rotor  hubs,  and  similar 
moving  parts,  in  the  deign  of  forgings,  it  is  kzax& 
sary  to  consider  the  lower  level  of  strength  normal  to 
the  grain  flow.  This  consideration  may  affect  the 
orientation  of  the  grain  flow  as  well  at  the  cresu  sec- 
tion of  the  part.  The  cost  of  forgings  is  substantially 
higher  than  that  of  cartings. 

17-2.4  EXTRUSION 

Extruding  is  a process  in  which  c billet  or  slug  of 
metal  is  pressed  by  a ram  until  the  pressure  inside  the 
work  piece  reaches  the  flow  state  of  the  material.  The 
material  then  it  squeezed  through  a die  that  contains 
an  orifice  of  the  desired  shape.  Because  ot  the  high  re- 
duction ratio,  the  metal  has  excellent  transverse  flow 
lines.  This  provides  greater  strength  in  the  longi- 
tudinal direction  and  lower  strength  in  the  transverse 
direction.  The  nonferrous  alloys  of  aluminum,  mag- 
nesium, and  copper  are  used  most  commonly  for  ex- 
trusions. bit  some  steel  alloys  are  extrudabk. 

Very  complex  shapes  are  possible  at  a cost  much 
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ten  than  ths  of  machining . Extruded  shapes  often 
au  replan  waktounta  and  pens  previously  ma- 
chined  from  her  stock.  The  cost  of  extrusion  diet  is 
mifitively  low,  making  rriort  runs  practicable.  Ex* 
truded  tm±i  and  rafts,  taunt,  ben  end  tubes,  and 
stringers  find  ready  application  in  helicopter  struc- 
tures. 

1743  SHEET-METAL  FORMING 

In  addition  to  Surge  surface  areas,  such  as  fuselage 
shells  and  skins,  a multitude  of  smaller  parts  sre 
made  by  sheei-meui  forming.  These  include  straps, 
brackets,  clamps,  cups,  pressure  housings,  headers, 
inserts,  grommets,  stringm,  and  conduits.  Sheet 
thickncae  normally  is  0.013  to  0.141  in.,  but  thicker 
blanks  may  be  used  for  various  draw-forming  opera- 
tions. Sheet  materials  from  which  metal  parts  for 
helicopters  are  formed  include  aluminum,  titanium, 
and  staintew  steel. 

1743.1  MacMac  Forming 

Many  sheet-mots!  parts  are  made  by  machine- 
&.£«*  operation*  that  Mart  with  sheet-metal 
blanks.  The  operations  take  place  within  dies,  which 
are  mounted  on  various  machines  designed  to  supply 
the  forces  to  shape  the  materials  in  the  dies.  There  are 
dk*  for  cutting,  bending,  squeezing,  and  drawing. 
The  material  may  be  subjected  to  a combination  of 
sev  eral,  or  all,  of  these  operations  in  » single  die  or  in 
a succession  of  dies.  Certain  operations  are  named 
for  the  manner  in  which  the  force  is  applied. 

By  far  the  largest  amount  of  cutting,  bending, 
squeezing,  and  shallow  drawing  is  done  with  the  drop 
haunter.  In  this  machine,  a falling  or  powered  weight 
produces  the  feres  required  to  perform  the  necessary 
function. 

In  hydroforming,  hydraulic  pressure  is  furnished 
by  a fluid  to  one  side  of  a rubber  diaphragm.  This 
diaphragm  presses  against  the  metal  blank  and  forms 
it  around  a punch  that  movea  up  into  the  forming 
mold  cavity.  The  pressure  cause*  the  metal  to  flow 
evenly  around  the  punc^  with  little  thinning  or  Slip- 
ping. Hydroforming  usually  can  achieve  in  one  or 
two  operations  the  same  results  that  would  require 
four  or  five  draws  in  a normal  press  method.  It  usual- 
ly is  employed  with  higher  strength  alloys. 

In  stretch-forming,  the  sheet  metal  is  pulled  over  a 
form  block.  The  material  is  stretched  beyond  its  clas- 
tic limit,  causing  it  to  take  a permanent  set  in  the  de- 
sired contour.  There  is  no  spring-batik,  but  allow- 
ance must  be  made  for  dimensional  changes  in  the 
metal,  large  parts  with  compound  curvatures  — 
such  e*  the  external  surfaces  of  fuselages,  cowlings, 
and  fairings  — may  be  made  in  this  manner. 

\ 

\ 


Spinning  is  used  when  cold  forming  circular,  sym- 
metrical sheet  metal  psrtr  such  at  pans,  covers, 
shields,  and  bullet  nose  shapes.  In  spinning,  a flat  cir- 
cular blank  is  clamped  on  • die  or  chuck  in  a lathe 
type  machine.  The  blank  is  .evolved  or  spun  and  the 
metal  is  formed  over  the  chuck,  using  hand  held  for- 
ming tools.  Parts  with  return  flanges  nay  b*.  formed 
by  using  hand  held  forming  tools,  or  by  using  collap- 
sible or  take-apsrt  spinning  chucks.  Parts  cun  be 
trimmed  to  size  on  the  machine,  using  conventional 
lathe  cut-off  to<)ls.  Wooden  chucks  can  be  made 
economically  for  prototype  and  short  run  parts 
whereas  aluminum  and  steel  chucks  are  suitable  for 
high  production. 

In  explosive,  or  high-energy,  forming,  shock  waves 
arc  generated  oy  explosives  such  as  dynamite, 
exploding  gases  ar  an  electrical  discharge.  The  shock 
waves  are  transmitted  through  a liqirid  medium, 
usually  water,  to  the  work  piece,  fanning  out  in  ail 
directions  and  forcing  the  metal  into  a preformed  die 
cavity.  Materials  of  very  high  strength  can  be  formed 
in  this  manner.  The  same  materials  formed  by  other 
methods  would  have  excessive  spring-bsck,  but,  due 
to  the  high  energy  rate  and  the  uniformity  of  distri- 
bution, very  little  spring-back  occurs  after  explosive 
forming. 


17-23.2  Shop  Faferkadoa 

Although  the  machine-forming  processes  pre- 
viously discussed  arc  used  in  the  fabrication  of  a large 
number  of  parts,  the  majority  of  the  sheet-metal  work 
involved  in  the  manufacture  of  helicopters  is  per- 
formed in  a sheet-metal  shop.  Here,  sheet  metal  is  cut 
into  various  flatwork  patterns;  punched,  drilled, 
folded,  seamed,  crimped,  beaded,  grooved,  turned, 
rolled,  and  burred;  and  then  joined  by  clinching, 
soldering,  brazing,  welding,  riveting,  or  adhesive 
bonding. 

Many  design  and  fabrication  techniques  are  avail- 
able to  add  strength  and  rigidity  to  simple  shect- 
metsi  parts.  For  example,  strength  can  be  incorpo- 
rated into  the  structure  by  means  of  flanges,  ribs,  cor- 
rugations, beads,  etc.  These  and  similar  metal- 
working operations  can  be  performed  either  hot  or 
cold.  Hot-working  may  involve  little  or  no  strain 
hardening,  whereas  in  cold-working,  considerable 
dislocation  and  strain  hardening  can  occur.  Work 
hardening  can  produce  beneficial  effects,  such  as  in- 
creases in  tensile  and  yield  strength,  but  accompany- 
ing decreases  in  ductility  and  toughness  also  may 
result. 

Regardless  of  whether  the  sheet  metal  is.  machine- 
formed  or  worked  in  the  shop  with  press  brakes  or  by 
hand,  the  metal  will  be  subjected  to  bending  in  many 
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w«y».  The  mn  with  which  a ideta)  cat)  be  bent  it  de- 
pendant on  many  lector*.  The  moat  important  ars  the 
nature  of  the  metal  itaaU,  its  hardness,  temper,  and 
ptkir  working,  and  the  orientation  of  the  bend  rela- 
tive to  the  direction  in  which  dbc  (beet  wet  rolled.  In 
Table  17-1  data  are  presented  to  illustrate  the  wide 
variety  of  characterietica  available  from  working 
abut  octal*.  Minimum  radii  axe  bated  for  repre- 
sentative metals.  In  Fig.  17-1  common  flange  ana 
curling  operations,  and  their  recommended  bend 
radii  are  illustrated. 

17-3  MACHINING 

174.1  GENERAL 

This  paragraph  ditcueeee  machining  practices  and 


the  ralationahip  between  the  deeigner  and  the 
machine  shop  in  the  construction  of  hehcopter  parte. 
More  comprehensive  discussion,  ss  well  es  detail 
design  data,  will  be  found  in  Chapter  10,  AMCP 
706-100.  and  MIL'HDBK-3,  -693,  -694,  40 7, 40%, 
and -723. 

Aa  distinguished  from  the  forming  operations  dis- 
cussed in  the  preceding  paragraph,  machining  in- 
volves the  removal  of  material  from  the  work  piece. 
Thus,  proper  design,  dimeniioning,  end  eequutci.tg 
of  operations  are  important  because  an  error,  otce 
made,  is  not  easily  corrected.  Props,  design  of  the 
pen  is  essential  for  a quality  machining  operation, 
and  the  design  must  be  complete  in  every  detail 
before  any  material  eaten  the  machine  (hop. 


TABLE  17-1.  BEND  CHARACTERISTICS  OF  SELECTED  METALS 


STEEL: 

TEMPER  AND  CONDITION 

BEND  CHARACTERISTICS 

• i • ill  nn  n ns  is!  _ 

no,  i~riMnu-r\g  cv  mm 

SEND  ONLY  ON  LARGE  RADI! 

No.  2—1/2  HARD-Rb  70  to  85 

r - 1 PERPENDICULAR  TO  ROLL 

No.  3-1/4  HARD-Rb 

90  deg  PARALLEL  TO  ROLL 
180  deg  PERPENDICULAR  TO  ROLL 

No.  4-  Rb  65 

No.  5-  «B  55 

180  deg  FLAT  ON  ITSELF  IN 
ANY  DIRECTION 

CARBON  % 0.015  OR  LESS 

180  deg  FLA!  ANY  DIRECTION 

CARBON  % 0.150  TO  (L25 

180  deg  r . t 

THICKNESS  L in. 

A 

MINIMUM  BEND  RADIUS  r FOR  STEEL 
OF  MINIMUM  YIELD  STRENGTH  psi 

TO  1/16 

so.ooo 

t n it 

1/16  to  1/4 

It  2t 

1/4  to  1/2 

2t  3t 

ALUMINUM 

MINIMUM  BEND  RADIUS  16?  1/3?  in.  FOR  THICKNESS  t.iR.I 

ALLOY 

TEMPER 

C.016 

0.025 

0.032 

0.040 

0.050 

0.063 

0.090 

0.125 

02250 

3004  . 5151 

0 

0 

0 

0 

0 

0 

0 

0 

2 

8 

ALCLAD  3004 

H32 

0 

0 

0 

1 

1 

2 

3 

4 

18 

5254  AND 

H34 

1 

i 

1 

2 

2 

3 

5 

6 

24 

5254  AT  TEMP. 

H36 

1 

! 

1 

2 

3 

4 

6 

9 

24 

H38 

1 

1 

2 

3 

4 

6 

9 

15 

40 
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17-3l2  MACHINING  OPERATIONS 

Tin  machines  referred  to  ja  this  discussion  are  cut- 
tint  loot  types.  Other  types  of  machines,  which  are 
need  to  a lesser  degree,  include  electrical  discharge, 
electrochemical,  chemical,  ultrasonic,  abrasive  jet, 
and  plasma  arc.  All  can  be  programmed  from 
numerical  control  by  tape  or  by  computer  so  that 
only  nominal  supervision  is  required.  This  results  in 
substantial  cost  reductions  for  quantity  and  quality 


i 


Among  the  operations  performed  with  cutting  tool 
machines  are  turning,  trepanning,  planing,  shaping, 
broaching,  drilling  and  thread  milling,  counter* 
sinking,  counurboring.  and  die  threading.  A tool 
that  cuts  with  one  point  or  edge  fa  referred  to  as  a 
single-point  tool.  Drills,  reassert,  and  milling  cutters 
hare  more  than  one  cutting  edge. 

During  machining  operations,  metal  removal  takes 
place  through  three  distinct  types  of  cutting  action, 
dtpending  upon  the  type  of  material  being  cut, 
Meduue-hanl  materials,  with  a low  coefficient  of 
friction,  f aerate  a continuous  chip  that  tends  to  foul 
tbework  woe,  white  soft  aod  ductile  materials  with  s 
high  coefficient  of  friction  give  a continuous  chip 
with  a built-up  edge.  This  action  contributes  to, short 
tool  life,  requiring  optimum  tool  geometry,  proper 
cutting  speed,  and  proper  cutting  fluid  to  remove 
heat  and  reduos  friction.  Brittle  materials  are 
(amoved  by  a combination  of  shear  and  fracture. 


causing  chips  to  cone  off  in  segments.  This  makm  the 
attainment  of  a fine  finish  difficult. 

Important  factors  in  the  overall  cost  of  machining 
are  the  tool  material,  the  tool  geometry,  and  the  cut- 
ting fluid  employed.  A secondary  factor  it  the  ua- 
dduability  of  the  metal  being  machined.  Methods  of 
measuring  the  machinability  of  a given  material  are 
based  upon  cutting  ratio,  shear  angle,  horsepower, 
surface  finish,  tool  temperature,  and  tool  life.  A 
mqjor  parameter  is  horsepower.  Table  17*2  lists  the 
relative  values  of  horsepower  required  for  turning, 
drilling,  and  milting  representative  metals.  Hone- 
power,  surface  finish,  and  tool  life  may  be  used  as  a 
measure  of  machinability  by  comparing  the  results 
obtainsd  for  each  with  the  results  obtained  u iderthe 
same  conditions  with  SAG  01 1 12  steel,  rated  100% 
machinable. 

The  three  major  tm^b'ne  shop  operations  are  turn- 
ing, milling,  and  drilling.  All  other  operations  are 
derived  from  that  three.  In  turning  operations,  the 
work  piece  is  turner  against  & cutting  tool.  In  milling 
operations,  the  work  pioce  remains  at  a fixed  height 
and  is  moved  back  and  forth  under  an  arbor  or  spin- 
dle boldine  the  muhihladeri  cutting  tool.  The  tool  ro- 
tates on  an  axis  parallel  to  the  plane  of  the  work 
table,  and  feed  to  the  work  piece  is  made  by  vertical 
adjustment  of  the  tool.  Drilling  operations  are  con- 
ducted by  means  of  a drill  being  turned  into  the  work 
piece. 


17-3.3  ELEMENTS  OF  MACHINING  DESIGN 

The  smooth  ness  of  the  surface  produced  by  ma- 
chine-cutting or  maul-finishing  operations  is  ex- 
prewed  in  RMS  microinchcs.  Measurement  stand- 
ards for  these  surf sop  tortures  are  given  by  ANSI 
Msj.jM,  Representative  vslura  for  several  cutting 
ojxrations  are  given  in  Table  17-3. 

The  tolerances  and  limits  applied  to-a  dimension 
on  the  drawing  of  a pan  will  determine  the  kind  of 
machining  process  that  should  be  used.  Thus,  for  a 
dimension  requiring  e tolerance  of  0.002  in.,  it  is  ap- 
propriate to  use  a grinder  rather  than  a lathe  or 
mitting  machine  since  the  time  spent  trying  to  hold 
this  tolerance  on  a lathe  would  prove  expensive.  On 
the  other  hand,  a part  that  carries  a tolerance  of  0.013 
in.  probably  is  more  appropriately  machined  on  a 
lathe  or  milling  machine  rather  than  precision 
ground. 

The  established  da  mu  of  tolerance  indude  run- 
ning or  sliding  clearance  (RC),  location  clearance 
(LC>,  location  transition  (LT),  location  interference 
(LNX  and  force  or  shrink  (FN).  In  RC,  one  part 
moves  inside  the  other.  LC,  LT,  and  LN  are  used 
mainly  for  tbs  assembly  of  stationary  pans.  FN 
yields  constant  bore  pressure.  The  relationship 
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AMCP  7Q6-202 

TABLE  17-2.,  UNIT  HORSEPOWER  VALUES  FOR  REPRESENTATIVE  METALS 


i — 

material 

HARDNESS 

UNIT  HOF 
TURNING 

isepower/in: 

DRILLING 

‘/MIN  FOR: 
MILLING 

1 ■ s 

MAGNESIUM  ALLOYS 

40-90  Br 

01 

0.2 

0.2 

ALUMINUM  ALLOYS 

30-150  Br 

0.3 

0.2 

0.4 

COPPER  ALLOYS 

20-80  Rb 

0.8 

0.6 

0.8 

80-100  Rb 

1.2 

1.0 

1.2 

TITANIUM 

250-375  Br 

1.0 

1.0 

1.2 

PH  STEF.LS 

170-450  Br 

1.5 

1.4 

1.7 

CARBON  STEELS 

35-40  Rc 

1.6 

1.4 

1.5 

ALLOY  STEELS 

40-50  Rc 

2.0 

1.7 

2.0 

TOOL  STEELS 

50—55  Rc 

U 

2.0 

2.2 

TUNGSTEN 

321  Br 

3.5 

3.3 

3.6 

TABLE  1 7 3.  "REPRESENTATIVE  SURFACE 
FI  J1SHES  OBTAINED  IN  MACHINING 
OPERATIONS 


OPERATION 

RMS  FINiSH, 
micro  in. 

BURNISHING 

2-4 

LAPPING 

2-8 

HONING 

2-10 

POLISHING 

2-10 

REAMING 

8-50 

GRINDING 

5-150 

BROACHING 

1 5—60 

DRILLING 

75-200 

MILLING 

20-300 

TURNING 

20-300 

SHAPING 

20-300 

SAWING 

250-1000 

between  the  limits  and  allowances  Tor  holes  and 
shafts  for  a Class  2 fit  are  illustrated  in  Tabic  17-4. 

Among  the  more  frequently  encountered  elements 
of  design  are  cams  and  gears,  keyways,  splines,  and 
serrations.  Each  gear  type  performs  a specific  role  in 
power  transmission.  Gears  may  be  cut  on  a milling 
machine  or  by  bobbing,  but  more  frequently  are  pro- 
duced by  a shaper-cutter  working  on  a preformed, 
forged  gear  blank.  The  types  of  gears  employed  are 
discussed  in  detail  in  Chapter  4, 

Splines,  serrations,  and  keys  are  devices  for  at- 
taching items  such  as  gears,  cams,  pulleys,  and  torque 
bars  to  the  power  shaft  in  such  a manner  that  there 
will  be  no  interfacial  slip  caused  by  the  torque  im- 
posed. Splines  and  serrations  often  are  cut  with  a 
spline  roller,  keyways  with  & mill  or  shaper.  There  are 
many  kinds  of  keys,  such  as  feathered,  gibhead,  plain 
flat,  plain  square,  round,  saddle,  tangential,  and 
Woodruff. 


17-4  JOINING 

17-4.1  GENERAL 

Joining  operations  include  welding;  brazing; 
soldering;  mechanical  fastening,  including  rivets, 
bolts,  rtuts,  washers  and  screws;  adhesive  bonding; 
swaging;  and  cable  splicing. 
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TABLE  17-4,  VALUES  TO  BE  ADDED  TO  OR 
SUBTRACTED  FROM  BASE  DIMENSION  FOR 
HOLES  AND  SHAFTS  TO  CALCULATE 
TOLERANCE 


CLASS  AND  FIT 
( in  thousandths  of  an  inch) 

RC 

LC 

LT 

LN 

FN 

HOLE 

*0.9 

*1.4 

*2.2 

+1.4 

+1.4 

-0.0 

-0.0 

-0.0 

-0.0 

-0.0 

SHAFT 

-0.5 

0.0 

+0.8 

+2.5 

+3.9 

-1.1 

-0.9 

-0.6 

*1.6 

*3.0 

ALLOWANCE 

*0.5 

+0.0 

-0.8 

-0 1 

-1.6 

+2.0 

+2.3 

*2.8 

-2.5 

-3.9 

17-42  WELDING,  BRAZING,  AND 
SOLDERING 

~ v 17-42.1  Wcidtag 

) Welding  U the  process  in  which  pieces  are  joined  or 

| fuaed  together,  with  or  without  a filler  material,  so 

that  a cohesive  bond  is  formed.  There  are  two  pri- 
mary types  of  welding:  fusion  welding,  in  which 
molten  metal  is  formed  between  the  pieces  to  be 
joined;  and  forge  welding,  in  which  pressure  is 
applied  to  cause  the  plasticized  surfaces  to  diffuse. 

A more  recently  developed  fusion  welding  tech- 
nique is  electron  beam  (EB)  welding.  In  this  process, 
a stream  of  electrons  emitted  by  a hot  cathode  is 
focused  to  a fine  beam  by  an  electrostatic  or  magne- 
tic lens.  Extremely  high  densities  are  possible,  and 
welds  of  high  depth-width  ratio,  with  consequent  lack 
of  distortion,  can  be  obtained.  The  operation  must  be 
conducted  in  a vacuum,  and  consequently  is  expen- 
sive and  time-consuming.  The  process  is  used  mainly 
where  high  heat  input,  precise  piecing  of  the  beam, 
and  dcanlincsa  of  vacuum  welding  can  be  exploited. 
The  process  is  useful  on  rcactiyc,  vacuum-melted 
materials  such  as  titanium,  zirconium,  hafnium,  and 
beryllium.  It  gives  the  same  control  of  impurities  as  in 
the  original  material.  This  technique  has  been  suc- 
cessful in  welding  titanium  forgings  for  the  main 
rotor  hub. 

Ref.  2 provides  a more  detailed  discussion  of 
welding  practices.  In  addition,  MIL-STD-22  dis- 
f \ cusses  welded  joint  designs  for  manual  and  semi- 
J automatic  arc  and  gas  welding  processes,  although  it 
'y  does  not  apply  as  a standard  to  aeronautical  equip- 
ment. Additional  information  is  found  in  AMCP 


70O-I00,  M1L-HDBK-S,  -693.  -694.  -697.  -72  1.  M1L- 
STD-20,  and  ANSI  Y 32.3-1969. 

Wherever  possible,  vreldcd  joints  should  I •:  made 
with  smooth-flowing  lines  that  blend  gradua  ly  with 
the  pannt  metal.  Any  abrupt  change  in  the  surface 
contour  causa  a stress  concentration  at  the  point  of 
change.  Many  parts  fail  in  service  because  of  stress 
concentrations,  which  tend  to  cause  failure  by  fatigue 
— even  when  the  regions  of  stress  concentre. mn  are 
small  — and  are  almost  always  traceable  to  impro- 
per design  or  fabrication.  The  effect  of  joint  d^ign  on 
stress  concentration  is  illustrated  in  Fig.  17-7. 

Joint  design  must  take  into  consideration  the  prior 
histoiy  of  the  pans  being  joined  and  the  particular 
characteristics  of  the  metal  or  metals.  Thus  highly 
cold-worked  materials  baye  locked-up  sires  rs  that 
are  relieved  by  the  heat  of  welding,  and  this  may 
result  in  distortion  or  a decrease  in  strengih.  The 
rapid  heating  and  cooling  of  the  weld  can  produce 
thermal  stresses  from  expansion  and  contraction  that 
are  quite  large.  Heat  cracks  are  more  apt  to  occur  in 
weld  metal  than  in  the  base  metal  because  the  weld 
metal  cools  last  and  essentially  is  cast  metal  with 
columnar  grains.  Corrocion  properties  also  may  be 
affected.  For  example,  although  Type  304  stainless 
steel  is  corrosion-resistant,  chromium  carbid<  s form 
in  the  grain  boundaries  in  welded  areas,  leas  mg  the 
rest  of  the  grain  unprotected.  Compensation  tor  such 
alloy  changes  may  be  provided  by  the  Tiller  material. 


Figure  17-2.  weld  Contour  and  Stress  Concc 
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Joint*  should  be  located  to  that  the  entire  weld 
groove  is  visible  to  the  welder  and  no  obstruction* 
impair  the  accessibility  for  welding.  On  all  joints 
welded  from  both  sides,  the  root  of  the  first  weld 
should  be  ground  to  sound  metal  before  welding  the 
second  side.  Commonly  used  welding  symbols  are 
given  in  Fig.  17-3.  Representative  butt  joints  are 
shown  in  Fig.  17-4,  representative  corner  joints  in 
Fig.  17-3.  and  representative  tee  joints  in  Fig.  17-6. 

The  welding  procedure  to  be  followed  in  the  fabri- 
cation of  a part  will  be  determined  by  the  design  and 
will  be  defined  by  the  contractor  as  a process  specifi- 
cation. The  cost  and  effectiveness  of  a welded  con- 
struction will  be  determined  by  the  prescribed  pro- 
cedure. Prior  to  welding,  the  welding  procedure  and 
the  welding  operator  must  be  qualified  in  ac- 
cordance with  MIL-STD-248.  Qualification  as- 
surance requirements  for  welds  are  discussed  in 
Chapter  6,  AMCP  706-203. 


|A>  CLEMENTS  Of  a welding  symbol 


FIANCE 

etxj  com«a 


A II 

GROOVE  1 1 am—  j 

| SOUAH  * Null  U J V if VI’- 

ii  vi/g  v ^ i r 

Hl|l  0* 

K.  5101 

^7 


A*--SPO!  pll 
Ofl  tM  0«  **1'  SoWAaiAk, 


sty  ' v-«am  etUAc*, 

f d A 
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"ESI^ANLE- 


»t  a* 
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XX*  I 

BASIC  RESISTANCE  WELD  S^MBOlS 
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17-4*2  Bnuing 

The  joining  of  two  pert*  by  brazing  requires  the  uie 
of  nonferrous  fill  rod,  film,  or  powder.  The  pieces  to 
be  joined  and  the  filler  material  are  brought  to  a 
temperature  that  is  below  the  melting  point  of  the 
materials  to  be  joined  but  above  the  melting  point  of 
the  brazing  material.  The  brazing  material  wets  the 
surface*  of  the  pieces  to  be  joined,  and  through  capil- 
lary action  then  draws  the  melt  into  the  space 
between  the  parts.  The  optimum  strength  occurs 
when  adhesion  k present  between  the  molecules  of 
the  brazing  material*  and  the  molecules  of  the  base 
materials.  Under  them  conditions,  some  alloying 
takes  place. 


b— 14  y~~ 

— 0"  TO  1/8’ * 

(A)  SINGLE-V  BUTT  JOINT,  WELDED  BOTH  SIDES 


B-10 
B— 12 
B— 41 
B-46 


c 


T 


\jr 

T ^ 


I 


(B)  SINGLE-V  BUTT  JOINT,  WELDED  ON  BACKING 


(C)  D0UBLE-V  BUTT  JOINT,  WELDED  BOTH  SIDES 


JOINT 

NUMBER 

ANGLE 
X min, 
deg 

Y ROOT 
OPENING 
(min),  in. ' 

WELDING 

POSITIONS 

B— 14 

60 

1/8 

ALL 

B-101 

60 

1/8 

ALL 

B-li 

<5 

1/4 

ALL 

B— 41 

20 

1/2 

FLAT,  VERT.,  OVER 

B— 46 

12 

1/2 

FLAT 

B— 31 

60 

1/8 

ALL 

’B-10  MAXIMUM  PLATE  THICKNESS  - 1/8  in. 


NOTE:  REINFORCEMENT  OF  GROOVE  WE10S  SHALL 
BE  1/32  TO  1/8  in.  AS  WELDED. 


Figure  17-3.  Welding  Symbols 


Figure  17-4.  Represeatatlrc  Bntt  Joints 
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T— 12  (SEE  NOTES  1,2,  AND  3) 


C-l 

(SEE  NOTES  1 AND  2) 


; T - 1/8"  max 


(A)  OPEN  SQUARE  CORNER  JOINT, 
WELDED  ONE  SIDE 


C-2  ! ; ]T  -3/1 6” max 

(SEE  NOTES  1 AND  3)  * 

‘•"T/2  min 

(S)  OPEN  SQUARE  CORNER  JOINT, 
WELDED  BOTH  SIDES 


m, 


C-20 

(SEE  NOTES  1 AND 


,rpr 


(C)  OUTSIDE  SINGLE-FILLET-WELOED 


rnmico  iaiut 

uumiLn  J VIM  | 


-fr-vr 


C— 21  < 

(SEE  NOTES  1 AND  3) 


^0”  min 


(D)  DOUBLE-FILLET-WELDED  CORNER  JOINT 
NOTES: 

1.  REINFORCEMENT  OF  WELD  SHALL  BE 
1/32  TO  1/8  in.  AS  WELDED. 

2.  JOINT  SMALL  NOT  BE  USED  WHEN  ROOT 

OF  WELD  IS  SUBJECT  TO  BENDING  TENSION. 

3.  SIZE  OF  FILLET  "S"  SHALL  BE  AS  GOVERNED 
BY  DESIGN  REQUIREMENTS. 

Figure  17-5.  Rsprsaortathe  Corner  Joiats 


0”  TO  i/8”_*  U.  ^ w^\co  . £ 

1/8”  liiinj  y?  \ <5i  min  ^ 

(A)  SINGLE-BEVELED  TEE  JOINT,  WELDED, 

ONE  SIDE,  FILLET  REINFORCED 

T -14  (SEE  NOTES  1 AND  3) 

0”  TO  1/8”-  /A'"" [V” 

1/8"  min  J J*  'T  45°  min  [7 

\ i 

TOrarrt 

(B)  SINGLE-BEVELED  TEE  JOINT,  WELDED 

BOTH  SIDES.  FILLET  REINFORCED 

T~32  (SEE  NOTES  1 AND  3)  K 


0"  TO  l/16"-j-H  h-| 

1/8';min  .kli 


-Jsk^sl— 


S>2°  min 


(C)  DOUBLE-BEVELED  TEE  JOINT, 

FILET  REINFORCED 

NOTES: 

1.  REINFORCEMENT  OF  GROOVE  WELDS  SHALL 
BF.  1/32  TO  1/8  in.  AS  WELDED. 

2.  JOINT  SHALL  NOT  BE  USED  WHEN  ROOT  OF 
WELD  IS  SUBJECT  TO  BENDING  TENSION. 

3.  SIZE  OF  FILLET  "S"  SHALL  BE  AS  GOVERNED 
BY  DESIGN  REQUIREMENTS. 

Flfnt  174.  Rtfmotilht  Tee  Joints 


Brazing  has  the  advantage  that  it  can  be  used  to 
jout  dissimilar  metals.  The  melting  point  of  brazing 
materials  is  above  800*  F.  Brazing  material*  include 
silver,  copper  and  aluminum  alloys;  nickel-chrome; 
and  silver-manganese.  Brazing  techniques  include 
torch,  resistance,  induction,  furnace,  and  dip  brazing. 
A variety  of  fluxes  is  used. 

Fits  and  tolerances  are  of  particular  importance  in 
brazing.  Lap  joints  are  necessary  whenever  strength  is 
a consideration.  The  only  allowable  loading  of 


braced  joints  is  in  shear.  An  overlap  of  three  times  the 
thickness  of  the  thinnest  member  gives  the  greatest  ef- 
ficiency. Butt  joints  provide  a smooth  joint  of  mini- 
mum thickness,  but  are  more  difficult  to  fit.  Scarf 
joints  maintain  the  smooth  contour  of  the  butt  joint, 
and  at  the  same  time  provide  the  large  area  of  the  lap 
joint. 

Joint  clearance  is  the  distance  between  the  sur- 
faces of  the  joint  into  which  the  brazing  material 
must  flow.  For  any  given  combination  of  base  «nd 
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filler  metals,  there  it  a beat  joint  clearance.  Valuta 
below  the  minimum  clearance  are  weak  because  the 
alloy  does  not  flow  into  the  joint.  Clearances  beyond 
the  maximum  also  result  in  joints  with  lower 
strength.  The  normal  range  of  clearance  is  0.002  to 
0.010  in. 

Brazing  materials  and  processes,  with  approved 
specifications,  are  listed  in  MH.-B-7883. 

17-4.23  SoMcrfag 

The  principles  and  techniques  for  soldering  arc 
much  the  same  as  for  brazing,  except  that  soldering 
alloys  are  primarily  tin-lead  base  alloys  that  melt 
below  800*  F.  Soldering  is  restricted  primarily  to 
joining  sheet-metal  surfaces  and  wiring  for  electrical 
connections.  Copper  and  steel  surfaces,  and  surfaces 
coated  with  copper,  tin,  zinc,  or  other  compatible 
materials,  may  be  soldered.  Aluminum  and  stainless 
steel  are  examples  of  metals  which  are  difficult  to 
solder.  Cleanliness  and  proper  selection  of  the  solder 
and  the  flux  in  relation  to  the  surfaces  to  be  joined  are 
of  utmost  importance.  No  porosity  can  be  tolerated 
in  soldered  joints.  Electrical  continuity  and  complete 
sealing  against  fluids  are  normal  requirements. 

17-4J  MECHANICAL  FASTENING 

Because  of  the  convenience  of  mechanical 
fastening,  parts  that  need  never  be  disassembled  often 
arc  joined  mechanically,  with  resultant  poor  Jislri- 
bution  of  stresses  and  increased  weight.  Such  parts 
well  may  be  joined  more  effectively  by  welding, 
brazing,  or  adhesive  bonding 

There  also  is  the  question  of  which  of  the  hundreds 
of  types  of  mechanical  fasteners  to  use.  The  result 
often  is  overdesign,  with  pocr  strength  balance 
between  the  fasteners  and  the  parts  joined.  More- 
over, there  is  little  in  the  literature  to  guide  the  de- 
signer in  making  broad  choices  in  mechanical 
fastening.  However,  there  are  more  than  70  Military 
Specifications  on  specific  fasteners,  and  M1L-F- 
*9700  ai;d  MS-17855  contain  general  specifications 
and  standards  for  screw  threaded  fasteners.  Follow- 
ing is  a discussion  of  various  methods  of  mechanical 
fastening. 

17-43.5  Rbofe 

For  all  aircraft  applications,  particularly  whore  dis- 
similar metals  arc  involved,  rivets  shall  be  set  with 
primer.  Often  an  adhesive  is  placed  between  the  parts 
heing  riveted  in  order  to  dampen  vioralions  and  to 
minimize  failure  due  to  fatigue. 

Important  items  of  rivet  joint  design  are  pitch,  the 
spacing  between  rivet  centers;  back  or  transverse 
pitch,  the  spacing  between  centerline*  of  rows  of 


rivets;  diagonal  pitch,  the  spacing  between  the  nearest 
rivet  centers  of  adjacent  rows;  and  margin,  the 
spacing  between  the  edge  of  a part  and  the  centerline 
of  the  nearest  row  of  rivets. 

For  structural  and  machine  member  joints,  the 
pitch  should  be  such  that  the  tensile  strength  of  the 
plate  in  the  distance  between  rivets  in  the  outer  row  is 
equal  to  the  shear  strength  of  the  repeating  sections 
of  rivets.  The  rivet  diameter  d is  selected  so  that  d - 
1.1  VT" l to  d - 1.4vT where  I is  the  thick  new  of  the 
plate.  Good  dsmgn  practice  calls  for  placing  tke 
center  of  the  first  row  of  rivets  a minimum  of  one  and 
one-hnlf  rivet  diameters  away  from  the  edge  of  the 
plate.  For  multiple  rows,  the  transverse  pitch  is  1 .73  d 
(see  Fig.  17-7).  It  is  also  required  that: 

1.  Bearing  stress  of  rivet  and  plate  be  uniformly 
distributed  over  the  projected  area  of  the  rivet 

2.  Tensile  stress  be  uniform  in  the  metal  between 
rivets 

3.  Shearing  stress  be  uniform  across  the  rivet 

4.  Accumulation  of  stresses  on  rivets  be  mini- 
mized. 

Rivet  hole*  usually  are  made  several  thousandths 
of  an  inrh  larger  than  the  nomind  diameter  of  the 
rivet.  On  cornpiesaion,  the  rivet  expands  to  fill  the 
hole  while  also  forming  the  driven  head.  Punching 
operations  may  cause  degradation  in  the  strength  of 
the  plate  surrounding  the  hole.  An  annealing  opera- 
tion may  be  desirable  to  restore  strength  in  these 
areas.  Structural  aqd  machine  manber  rivets  usually 
are  made  of  wrought  iron  cr  soft  steel;  but  copper, 
aluminum  alloy.  Monel,  and  Intone!  rivets  may  be 
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required  where  weight  or  resistance  to  corrosion  are 
important. 

Although  there  are  oo  general  Military  Speci- 
fications on  riveting,  there  are  more  than  SO  Military 
Specifications  covering  particular  types  of  rivets.  A 
general  treatment  for  riveted  joints  ir.  steel,  alumi- 
num, magnesium,  and  titanium  is  given  in  Chapter  8, 
MIL  HDBK-S. 


17-0.2  2®!ts,  Nate,  and  Washers 

Bolts  and  nuts  often  are  used  when  the  joint  will 
not  be  permanent  and  disassembly  can  be  anticipated. 
Maximum  strength  of  bolted  joints  can  be  attained 
only  when  the  grip  length  of  the  boll  is  at  least  equal 
to  the  thickness  of  the  parts  being  joined.  No  threads 
are  to  be  in  beariuj  in  the  holes  through  the  parts. 
Washers  are  added  as  required  to  permit  tightening 
the  bolt  sufficiently  to  develop  the  load-carrying 
capability  of  the  joint. 

All  bolted  joints  must  be  locked  or  safetied,  and 
bolts  in  critical  locations,  such  as  in  control  linkages, 
shall  have  two  separate  locking  provisions.  Self- 
locking  provisions  include  nylon  inserts  in  the  bolt  or 
nut.  Lock:*!0  and  aafctvin®  are  discussed  in  Chapter 
16. 

If  failure  of  a threaded  assembly  should  occur,  it  is 
preferable  for  the  bolt  to  break  rather  than  for  cither 
the  external  or  the  internal  thread  to  strip.  Thus,  the 
length  of  the  mating  threads  should  be  sufficient  to 
carry  the  full  bad  necessary  to  break  the  bolt  without 
stripping.  The  critical  areas  of  mating  threads  are. 

1.  Effective  cross-sectional  or  tensile  stress  area  of 
the  external  thread 

2.  Shear  area  of  the  external  thread  (dependent 
upon  the  minor  diameter  of  the  tapped  hole) 

Chat  p araa  nf  tha  intarn al  # h a.-- n ri 
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upon  the  major  diameter  of  the  external  thread). 

When  bolts  are  used  to  join  dissimilar  metals,  or  to 
join  materials  dissimilar1  from  the  bolt  material, 
difference,!  in  the  coefficients  of  thermal  expansion 
and  in  the  temperature  extremes  specified  for  the  heli- 
copter must  be  considered  in  calculating  the  maxi- 
mum stresses.  Provisions  also  must  be  made  for  cor- 
rosion protection  in  such  installations. 

Box  wrench  clearances  are  given  in  Ref.  3.  For 
wrench  access,  bolt  centers  should  be  placed  at  a 
minimum  distance  from  obstruction  of  two  times  the 
wrench  clearance. 

Plain  washen  are  defined  by  ANSI  B27.2-I965. 
These  washers  are  available  in  narrow,  regular,  and 
wide  series  with  (.roportiorii  designed  to  distribute 
loads  over  larger  area*  of  lcwer-stiength  materials. 
Plain  washett  are  made  of  ferrous,  nonferrous, 
plastic,  or  other  materials.  ANSI  B27. 1-1965  defines 


helical-spring-lock  and  tooth-lock  washers.  Helical  - 
spring-lock  washers  have  a dual  function.  F .xl,  they 
compensate  for  looseness  that  may  be  developed 
during  the  use  of  a bolt  or  screw  fastener,  preventing 
loss  of  tension  between  component  parts  c f the 
assembly.  Secondly,  they  act  as  hardened  thrust 
bearings  to  facilitate  assembly  and  disassembly  of 
bolted  fasteners  by  decreasing  the  frictional 
resistance  between  the  bolted  surface  and  the  bearing 
surface  of  the  head  or  nut.  Tooth-lock  washers  bite 
into  the  bearing  surfaces  and  increase  frictional 
resistance  to  motion.  These  washers  are  made  of  car- 
bon steel,  corrosion-resistant  steel,  aluminum-zinc 
alloy,  phosphor  bronze,  and  K Monel  of  various 
series. 


17-4.3.3  Screws 


Screws,  particularly  machine  screws,  may  be  con- 
fused with  bolls.  Actually,  the  equations  for  strength 
and  the  precautions  on  thread  bearing  are  the  same 
for  both.  ANSI  B 18.6.3- 1962  covers  both  slotted  and 
reccssed-head  machine  screws.  Threads  on  machine 
screws  may  be  either  unified  coarse  (UNC)  or  fine 
i bread  (UNF).  Hcsd  hrighi  o!  countersunk  screws  is 
the  distance,  parallel  to  the  axis,  from  the  bearing 
surface  al  the  diameter  of  the  screw  to  the  largest 
diameter  of  the  bearing  surface.  For  screws  less  than 
2 in.  long,  the  threads  will  run  to  within  two  turns  or 
the  head.  For  longer  screws,  the  minimum  thread 
length  is  1-3/4  in.  The  body  is  the  unthreaded  cylin- 
der portion  of  the  shank.  The  designation  of  a screw 
thread  consists  of  nominal  size  (inches  or  number), 
number  of  threads  per  inch,  letters  of  the  thread 
scries,  and  class  ol  tolerance.  On  drawings,  the  desig- 
nation may  be  followed  by  the  pitch  diameter  toler- 

anna  A I w ft  KumW  i -4 **.1, fi U<>  i Lm* 
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LH  following  the  class  designation.  The  formulas  for 
tolerances  and  allowances  for  the  several  series  and 
classes  of  threads  arc  given  by  ANSI  B!.  1-1960. 

The  heads  of  machine  screws  may  be  recessed,  hex, 
slotted,  round,  countersunk,  pan,  cheese,  or  mush- 
room. Tapping  and  metallic  drive  screw  types  include 
round  head,  flat  head,  flat  and  oval  trim  head,  under- 
cut, fillister,  Struess,  pan,  and  hex  head. 

Sheet-metal  screws  are  defined  in  ANSI  B18.6.4- 
1966.  Some  of  these,  when  turned  into  a hole  of  the 
proper  size,  form  a thread  by  displacing  the  sheet 
metal,  while  others  form  a thread  by  cutting  action. 
There  are  12  types,  each  having  preferred  applica- 
tions with  sheet  metal,  plywood,  nonferrous  castings, 
plastics,  etc. 

Set  screws  are  used  for  preventing  a pulley,  gear,  or 
other  part  From  turning  relative  to  a shaft.  Generally 
speaking,  1/4-in. -diameter  screws  will  hold  against  a 
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force  or  iOO  lb;  3/8-in.,  250  lb;  1/2-in.,  500  lb;  and  1- 
in,,  25dO  lb. 

Self-tapping  screw  thread  insert*  aro  hard  bushings 
with  internal  and  externa!  threads.  They  often  are 
used  in  nonferrous  castings.  Helisa!,  diamond-shaped 
coiU  of  stainless  steel  with  phosphor  bronze  inserts 
often  are  used  to  repair  old,  threaded  holes. 

There  are  many  Military  Specifications  dealing 
with  particular  types  of  serrva,  including  MIL-STD- 
9 and  M1L-S-7742.  Additional  data  will  be  found  in 
Chaptct  8.  MIL-HDBK-5. 

Pins,  such  as  cotter  pins  arc  used  to  serorc  nuts 
upon  bolts,  or  upon  other  pins  and  fu'enm.  Cotter 
pins  may  be  obtained  for  hole  rises  of  3/64  to  3/4  in. 
The  extended-prong  type  is  secured  in  place  most 
easily.  Clevis  pins  (ANSI  M5 .20- 1958)  frequently  are 
used  r*  lock  bolts  and  may  be  secured  with  a cotter 
pin.  Dowel  pins  (ANSI  B5.20  1958)  are  used  either  to 
retain  parts  in  a fixed  position  or  to  preserve  align- 
ment. They  normally  are  subject  to  shearing  strain 
only  at  the  junction  of  the  two  parts  being  held,  and 
'wo  usually  ere  sufficient.  For  parts  that  frequently 
arc  disassembled,  the  taper  dower  is  preferred.  This 
type  also  is  preferred  for  joints  of  close  tolerance. 
Pina  hrivi.ig  ftisnijtsrs  oi  i/S  to  3/16  in.  ir^  tnij*- 
factor;  in  most  cases. 

When  soft  parts  are  to  be  joined,  the  hole  should  Be 
about  0.00!  in.  smaller  than  the  pin.  For , locking  fit, 
3 longitudinally  grooved  pin  is  preferred. 

17-4.4  ADHESIVE  BONDING  — STRUCTURAL 

In  older  to  realize  the  maximum  benefits  of  adhe- 
sive bonding,  a structure  must  be  designed  initially 
with  this  method  of  joining  in  mind.  The  first  requi- 
site is  an  understanding  of  the  basic  loading  con- 
to  ’vhich  2 bendid  joint  w«y  Kj  subjsdftd.  In 
..he  pas*  structural  applications  of  adhesives  were 
based  on  tension,  shear,  cleavage,  and  peel  (as  illu- 
stiated  in  Fig.  17-8).  These  criteria  resulted  i.i  the 
development  of  adhesives  that  met  purely  structural 
applications  ba»d  on  design  loads.  Today,  adhe- 
sives not  only  must  meet  these  requirements  but  alsc 
must  include  resistance  to  environmental  conditions 
experienced  in  curren'  adhesive  specifications  for 
resistance  to  moistui  , e.ietration  under  load  (en- 
vironmental cyclic  creep)  and  under  dynamic  loacL 
(fracture  mechanics  and  f-.tigue).  These  include  ten 
sion,  shear,  cleavage,  a ^oel,  as  illustrated  in  Fig. 
17-8. 

An  ideal  structure.!  joint  is  c>ic  in  which  the  load  it 
distributed  es  uniformly  as  is  possible  over  the  entir. 
bonded  area.  This  condition  most  nearly  is  Rp- 
pi  cached  when  the  basic  stress  is  tension  or  shear 
(Figs.  17-8(A>  and  17-8(B)).  While  the  ureases  that 


(B)  SHEAR 


f 


Figure  17-8.  Types  of  Loading  for  BssM  Jdsft 

cause  failure  in  the  cleavage  or  pod  situation  (Figs. 
17-8(C)  and  17-S(I>))  msy  be  described  as  tensile 
s'ram,  they  ave  concentrated  heavily  in  local  regions 
of  the  joint;  thus,  the  load  capability  of  -he  joint  is 
unrelated  to  the  total  bonded  area.  Therefore,  pod 
and  cleavage  situations  should  be  avoided. 
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The  desiguer  must  examine  carefully  even  th^  ten- 
sion and  shear  joints  to  minimize  any  eccentricities  or 
deflections  that  would  cause  an  unfavorable  redistri- 
bution of  stresses  in  the  joint.  For  example,  a simple 
lap  shear  joint  under  load,  if  pot  restrained,  will  «m- 
Ocrgo  a deflection  that  causes  high  concentrations  of 
stress  at  Points  1 and  2 as  illustrated  in  Fig.  1 7 9. 

The  designer  should  keep  in  mind  that  joints  with 
uniformly  distributed  shear  or  tension  joints  are  a 
design  goal,  and  then  should  apply  common  sense  to 
achieve  this  goal.  Such  a contmon-sense  approach  to 


(A)  UNLOADED 


2 


(S)  LOADED 

Figvrc  17-9.  Lap  Shear  Joist  Deflection 
Under  Load 


a joint  design  problem  is  illustrated  in  Fig.  17-10.  The 
spar  of  the  rotor  blade  might  be  ixmsideied  to  be  a 
rigid  member.  Air  loads  acting  upon  the  aft  section 
create  a bending  moment  that  tends  to  pry,  or  peel, 
the  lightweight  skins  away  from  the  inside  of  the  spar 
at  Point  A.  Therefore,  a “keeper"  channel  that  gieat- 
ly  rigidizes  this  portion  of  the  structure  is  incorpo- 
rated, permitting  the  joint  between  the  skin  and  spar 
to  react  the  bending  moment  through  a shear  couple. 

Another  typical  rotor  blade  design  is  shown  in  Fig. 
17-11.  Again,  there  is  a tendency  for  the  skin  to  peel 
from,  the  spar.  In  this  case,  the  skin  deflections  that 
would  aggravate  the  peel  situation  are  prevented  by 
the  incorporation  of  a simple  angle  (A). 

The  design  of  adhesive-bonded  joints  demands  the 
proper  mating  of  parts  with  regard  to  dimension  and 
tolerance.  It  is  imperative  that  aahesive-joined  com- 
ponents fit  each  other  without  relying  upon  the  ad- 
hesive to  hold  them  in  the  proper  shape.  Where 
overall  external  dimensions  arc  critical,  it  is  necessary 
to  account  for  the  thickness  of  the  cured  bond  lines  in 
the  final  assembly.  A reasonable  thickness  allowance 
per  bond  line  is  U.005  in.,  although  this  value  should 
be  determined  specifically  in  each  case  for  the  par- 
ticular adhesive  and  method  of  manufacture. 

In  the  case  of  honeycomb- sandwich  structures,  no 
allowance  is  made  for  adhesive  between  the  honey- 
comb core  and  the  face  sheets.  The  cells  of  the  honey- 
comb cut  through  the  film  of  adhesive  completely. 
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Figure  17-11.  Typical  Rotor  Blade  Design  — Alternate  2 
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DETAIL  A 


Figure  17-2.  Honeycomb  Sandwich  Structure 
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and  actually  contact  the  face  skin.  (Fig.  17-12,  Detail 
A).  The  bond  of  face-to-core  is  achieved  by  the  fillet 
of  adhesive  between  the  feet  and  the  cell  wall,  which 
is  another  example  of  a shear  joint.  In  Fig.  17-12,  the 
insert  might  be  an  extrusion  or  any  other  form  that 
results  in  a metal-to-metal  joint,  as  opposed  to  a face- 
to-core  joint.  Thus,  if  the  desired  overall  dimension  is 
1.00  in.  and.the  face  skins  ore  each  0.020  in.  thick,  the 
iiKCfU  wOuiu  be  0.95  iii.  thick,  iucicby  allowing  for 
two  0.020-in.  skins  and  two  0.005-in.  bond  lines.  The 
core,  on  the  other  hand,  «ould  have  to  be  0.96  in. 
thick,  allowing  only  for  the  skins.  An  exception  to 
this  rule  is  the  case  of  the  adhesive  that  incorporates  a 
carrier,  or  scrim,  which  is  composed  of  woven  or  ran- 
domly oriented  libers.  In  such  a .case,  the  thickness  of 
the  carrier  should  be  allowed  for  between  core  and 
facts. 

Fig.  17-12  actually  is  oversimplified  in  that  the 
abrupt  change  in  section  between  the  honeycomb 
sandwich  and  the  rigid  insert  or  adjoining  member 
should,  in  most  cases,  be  made  more  gradual  either 
by  shaping  the  noiid  member  as  shown  ir.  Fig,  17- 
13(A),  or  by  the  addition  of  doublers  as  in  Fig.  17- 
13(B).  In  either  case,  the  rules  for  adhesive  thickness 
allowance  still  apply.  If  a construction  like  that 
shown  in  Fig.  17-  13(A)  is  employed,  a foaming  type 
of  adhesive  may  be  used  on  the  portion  of  the  core 
that  fits  against  surface  A of  the  closure.  Such  an  ad- 
hesive cuts  be  p re  vied  into  the  core  cells  prior  to 
assembly  and  thereby  permit  fitting  of  the  parts. 

Another  example  of  a design  technique  that  t surer 
a fit  of  parts  and,  thus,  a uniform,  unstrained  bond 
line  is  that  employed  for  the  balance  bar  shown  in 
Fig.  17-10.  The  bar  is  bonded  into  the  nose  radius  of 
the  C spar.  Because  the  spar  is  very  stiff  in  this  highly 
curved  portion,  while  th  balance  bar  is  solid,  tnc 
required  bonding  pressure  it  achieved  best  by 
applying  a force  against  the  back  if  the  bar.  It  will  be 
noted  that  the  nose  radius  of  the  b,sr  is  larger  than  the 
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Figure  17-13.  AMttkm  of  DmUcts  to 
Hoaevwak  Structure 
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inside  nose  radius  of  the  C spar.  This  assures  that  the 
bar  will  never  bottom  out  and,  therefore,  pressure 
always  will  be  applied  at  the  side  of  the  bar.  This 
technique  is  not  restricted  to  rotor  blades,  but  can  be 
employed  in  any  situation  where  the  bonding 
pressure  is  provided  by  a component  of  force  that  is 
applied  in  a direction  other  than  normal  to  the  bond 
line. 

While  it  was  slated  previously  that  parts  usually 
should  be  formed  to  fit  each  other  without  the  aid  of 
the  adhesive  bond,  tbe  degree  to  which  this  rule 
should  tv  imposed  is  dependent  upon  tbe  stiffness  of 
the  member*  being  joined  and  nature  of  the  assembly. 
Generally,  sheei-meta!  parts  should  not  be  so  closely 
toleranced  in  th«.r  free  state  that  there  la  no 
allowance  fo:  clearances  when  assembling  them. 
There  also  must  be  space  for  0.010  in.  or  more  of  un 
cured  adhesive  between  tbe  components  during 
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asawnbly.  Thb  can  be  achieved  by  an  over-bead  or 
under-bead  allowance,  but  thu  allowance  never 
should  be  ao  groat  as  to  prevent  hand  pressure  from 
bringing  the  part  into  the  final  form  that  is  desired  in 
the  finished  assembly.  The  residual  strains  caused  by 
such  a condition  are  negligible. 

Bonded  structures  usually  are  assembled  in 
tooling.  This  preclude*  e visual  examination  of  the 
relative  locations  of  components  during  the  curing 
ategp.  Because  the  adhesive  becomes  fluid  at  some 
point  during  the  cure,  and  thermal  expansions  are 
taking  place,  some  shifting  of  one  part  relative  to 
another  usually  must  be  anticipated.  Thus,  adjoining 
parts  must  be  dimensioned  and  toleranoed  to  accom- 
modate such  movement.  Fig.  17-14  illustrates  such  a 
case.  The  bottom  of  the  figure  shows  a gap  where  two 
members  butt  together.  This  gap  must  be  pro- 
grammed in  the  design  and  usually  should  be  from 
0.020  to  0.069  in.,  depending  upon  the  size  of  the 
structure.  In  the  example  shown  at  the  top  of  Fig.  17- 
|4,  insufficient  allowance  was  provided  and  the 
resulting  joint  either  will  have  a void  or,  at  best,  will 
be  subject  to  peel.  Usually,  the  small  gap  in  the  pro- 
perly designed  joint  will  fill  with  adhesive  squeeze-out 
or  may  be  filled  later  with  a fairing-sealing  com- 
pound. 

Currently,  all  structural  bonds  require  pressure 
during  their  curing  This  pressure  must  be  reacted  in 
some  way.  Either  one  of  the  members  being  joined 
must  be  stiff  enough  so  that  it  will  not  deflect  signifi- 
cantly under  the  pressure  requited  to  bond  the  other 
members  to  it,  or  provisions  must  be  made  for 
tooling  that  will  provide  the  reaction  force.  W!  n 
such  tooling  is  required,  the  detail  design  must  pro- 
vide space  for  the  tooling  and  a mean*  of  removing  it 
after  the  cure  cycle  is  completed. 


IMPROPER  DESIGN 


0.020  in.  min  INCLUDING 
ACCUMULATED  TOLERANCES 


Figure  17.14.  Bohan  Bar  Design 


When  dissimilar  metais  are  bonded,  serious  dis- 
tortions can  occur  due  to  differential  expansions,  be- 
cause the  bonds  are  being  cured  at  temperatures 
ranging  from  225°  to  350*F.  Such  distortions  of  the 
structure  can  be  minimized  if  the  member  with  the 
lowest  coefficient  of  expansion  is  stretched  or 
otherwise  strained  by  the  application  of  external 
force  white  undergoing  cure.  This  often  ncans  that 
some  extra  length  must  b~  provided  to  permit  grip- 
ping the  member  or  pinning  it  to  the  bondl;^  fixture. 
This  extra  material  can  be  removed  after  the  bonding 
is  computed. 

It  often  is  impractical  to  complete  an  entire  as- 
sembly in  a single  bonding  operation.  This  creates  the 
necessity  for  secondary  bonding,  in  which  a part  of 
the  assembly  is  reheated  to  bonding  temperature 
while  additional  parts  arc  bonded  to  it.  11k  most 
commonly  used  adhesives  are  quite  weak  at  the 
temperature  at  which  they  were  cured  and,  thus,  there 
is  a risk  of  destroying  the  original  bond  during  a 
secondary  bonding  operation  if  proper  precautions 
are  not  taken.  One  such  preca  ation  is  the  use  of  a 
lower-temperature  curing  adhesive  for  the  secondary 
bond.  Another,  more  reliable  'echniquc  is  to  reapply 
pressure  ic  any  of  die  primar  ily  bonded  joints  ihui 
will  be  subjected  to  the  heat  of  secondary  bonding. 
Provisions  must  be  made  in  the  design  to  assure  that 
rcaoplication  of  pressure  is  possible  in  such  cases. 

Finally,  the  designer  always  should  consider  pro- 
viding. for  physical  testing,  some  kind  of  extension  of 
the  basic  structure  that  can  be  removed  after  bond- 
ing. Nondestructive  testing  techniques  are  being  im- 
proved constantly,  but  there  is  no  substitute  for  de- 
structive tests  of  joints  that  ere  built  alone  with,  and 
duplicate,  the  actual  structure. 

17-4  j SWAGING  AND  CABLE  SPLICING 

Wire  rope  and  cable  may  be  used  in  helicopter  con- 
trol mechanisms,  although  push  rods  are  preferred. 
Aircraft  cable  made  of  high-carbon  steel  wire,  elcc- 
trolylically  galvanized  and  drawn  to  size,  has  the 
highest  strength  and  greatest  resistance  to  fatigue  of 
any  cable. 

Representative  wire  rope  fittings  are  illustrated  in 
Fig.  17-15.  For  aircraft,  the  more  commonly  used 
types  range  in  size  from  1/16  to  5/8  in. 

Swaged  fittings  on  wire  rope  have  a strength  rating 
equivalent  to  the  strength  of  the  wire  rope.  There  fit- 
tings are  applied  to  the  end  or  the  body  of  wire  rope 
by  the  application  of  high  pressure,  causing  the  steel 
to  flow  around  the  wires  and  strands  of  the  wire  rope 
to  form  a union  as  strong  as  the  rope  itself.  The 
necessary  high  pressure  and  flow  are  accomplished  by 
means  of  special  dies.  Machines  for  this  purpose  are 
described  in  M1L-S-6180  and  MlL-S-80035. 
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Sfeswe  i MS.  Aircraft  Wkg  Rope  Krt*4*fS  Figure  S7-16.  Ca&b  Spbetog 


Anochii  elective  Method  of  attaching  fitting*  i»  by 
means  of  poured  zinc.  A t pedal  high  giade  of  pure 
line  « used  tc  fii!  the  socket.  (Babbitt  and  other 
alloy*  will  not  hold  properly.)  When  properly  pre- 
pared, the  joint  at/ength  approaches  that  of  the  wire 
rope 

t o:  tempos  ary  ccnr»*i.thM,  U-bolt  clip«  mr.y  be 
employed.  V/aac  filming  a loop  with  a U-boli  clip,  a 
wi?«r  rope  thimble  should  be  placed  in  the  loop  to  pre- 
vent kinking  "A  is  essential  that  the  saddle  or  base  of 
the  clip  bear  a&al.'tt  the  longer  *:>  live  end  of  the  rope, 
whifr  the  U -trolt  bears  against  the  shorter  or  dead 
end.  The  end  of  the  wi.e  rope  should  be  seized 
properly.  The  strength  of  a dip  fastening  is  an  than 
S0%  of  the  atrengtt  of  tltf  cable. 

A seldom-used  met  ‘A  cf  joining  cable*  and  making 
endbops  is  cable  sparing.  The  method  may  be  usee 
in  the  field  for  repair  when  equipment  or  fittings  arr 
unavailable.  To  join  two  -able*,  each  of  the  free  ei'd 
strands  is  worked  over  and  under  s strand  in  tie 
other  cable,  working  against  the  lay.  A total  of  four 
turis  for  cftch  it  ran  J k adequate  for  most  purposes. 
An  eye  splkx  can  be  made  a*  a loop  of  any  size,  or 
tight  around  a tfckuble.  The  ends  art  tucked  under 
main  strands  against  the  lay  and  around  the 


cable.  Normally,  threw  tudLs  for  each  strain!  are  all 
that  can  be  managed.  Splicing  « illustrated  in  Fig.  17- 
16.  Ficld-spliced  cablet  never  should  be  exposed  to 
more  than  50%  of  the  normal  breskuig  bad  for  (he 
cable. 

Heavy  abrasion,  overloading,  sad  bending  around 
sheaves  or  drums  that  m too  steal!  in  diamoev  sure 
the  principal  reason*  for  deterioration  of  wire  rope.  A 
kinked.,  beni,  or  fattened  cannot  be  lekrated  in 
a control  cable.  Thu  rope  or  cable  should  few  kept  well 
lubricated,  using  the  lubricant  supplied  by  the  manu- 
facturer. Normally,  the  lubrpant  must  be  heated  to 
2C0’F  it?  on >«r  to  penetrate.  Nylon  or  vinyl  coatings 
are  effective  for  reeling  in  lubricant  and  for  pro- 
tecting wsrs.  rope  from  dirt  and  ooncaion. 

17-5  HEAT  TREATMENT 

17-3.1  GENERAL 

ll?at  treatment  is  defined  as  the  application  of 
tir,!J  tempcrs;ure-cooling  cycle  relationships  in  order 
tc  cause  atomic,  molecular,  or  crystalline  trans- 
formations in  materials.  These  transformations  are 
selected  to  impart  desirable  properties  for  particular 
end-uses.  Although  such  transformations  occur  in 
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ptatica,  ceramics,  and  other  ncnmetaliic  materials, 
tbs  tmn  beat  treatment  usually  b applied  exclusively 
to  metals.  The  engineering  metab  include  ferrous 
aBoys,  cop per  alloys,  aluminum,  titanium,  and  mag- 
nesium. 

Heat  treatment  is  applied  to  all  forms  of  metab,  in- 
cluding castings,  forgings,  machined  parts,  ban, 
pktse,  and  sheets.  The  heating  cyde  may  be  con- 
ducted in  various  types  of  furnaces  with  a variety  of 
atmospheres,  in  liquid  media  such  as  molten  salt  or 
molten  lead,  or  by  some  other  means.  The  holding 
and  doting  cycles  may  involve  vacuum,  controlled 
inert  atmospheres,  oil  bath  quenching,  air  cooling,  or 
water  quenching. 

The  facilities,  equipment,  processes,  controls,  and 
anpUnci  standards  for  the  beet  treating  of  metal 
parts  have  been  defined  in  numerous  Military  Speci- 
fications including  MlL-H-6088,  -6875,  -7199,  and 

•sim 

11-flJ  HEAT  TREATMENT 
METALLURGY 

There  are  many  kinds  of  best  treatment,  with  time- 
temperature  cycles  designed  to  develop  the  crystalline 
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material.  These  characteristics  include  strength, 
toughness,  hardness,  machin ability,  freedom  from 
residual  stress,  or  any  other  property  noocas^ry  for 
the  part  to  perform  its  design  function.  Each  metal 
and  metal  alloy  bxs  its  own  heat  treatment  character- 
istics that  am  determined  by  its  chemical  constitu- 
tion. 

The  more  commonly  employed  beat  treat  opera' 
time  are  annealing,  normalizing.  stress  relief,  temper- 
fev.  «d  aging. 


Moat  beat  processes  are  variations  of  annealing.  A 
•fair  a a ratal  consists  of  heating  the  metal  to  a 
tamperatura  that  allows  the  grains  to  racrystallize  in  a 
dbskod  pattern.  Thb  proems  b described  inter- 
di—gsibly  as  aohitioo  beat  treatment,  to  indicate 
that  the  metal  b heated  to  a tamperatura  at  which  the 
alloying  ebnwnts  are  dbeolvtd  and  placed  ia  solid 
tohttios.  Thee  the  tueul  b coobd  in  order  to  pre- 
cipitate the  deeired  Mructura. 

17-6.12  Nenaslateg 

Thb  annaahng  slap  often  b accomplished  after 
forging  or  machining  in  order  to  restore  uniform 
grain  structure.  Thu  metal  b heated  to  just  above  the 
solution  temperature  — in  no  case  long  enough  or 
hot  enough  to  cause  the  grains  to  grow  to  any  ap- 
preciable extent  — and  then  b cooled  in  still  air  to 
recan  tamperatura.  The  effect  b to  restore  uniform 
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cutting  conditions  in  tbe  previously  distorted  crystals. 
17-5X3  Stress  Rcfirf 

Thb  process  b conducted  st  considerably  lower 
temperatures  than  those  for  the  other  boat  treatment 
proceeses.  Stresses  imposed  by  forming  or  machining 
are  relieved  by  allowing  tbe  diffusion  of  boundaries, 
or  tbe  diffusion  of  hydrogen  from  a part  where 
hydrogen  embrittlement  b a hazard. 

17-5X4  Tempering 

Thb  b tbe  process  of  reheating  a normalized  or 
quench-hardened  alloy  to  a temperature  just  below 
the  transformation  range  and  then  cooling  it  at  a suit- 
able rate.  Tempering  b used  to  obtain  (trailed  proper- 
ties of  strength  and  toughness. 

17-5X5  Aging 

Aging  b a tempering  process  in  which  certain 
alloys  are  held  at  a constant,  relatively  low  tempera- 
ture tong  enough  to  permit  tbe  precipitation  of  par- 
ticles and  grain  structure  transformations  thsl 
develop  the  desired  properties  of  strength.  tough- 
ness, herdnesa.  or  form  ability.  In  some  aik>y>,  aging 
muy  be  accomplished  at  room  temperature. 

The  data  in  Table  17-5  arc  indicative  of  the 
temperatures  at  which  heat  treatment  operations  are 
conducted  for  each  of  tbe  engineering  metals. 


17-5  J FERROUS  ALLOYS 

The  conditions  for  annealing,  hardening,  and 
tempering  individual  ferrous  alloys  are  given  in  the 
applicable  Military  Specification  or  Aerospace 
Material  Specification  (AMS),  of  in  inf  jnuuwn'f 
literature.  Air,  combusted  gases,  protective  at- 
mospheres, inert  atmospheres,  vacuum,  fused  salts, 
and  molten  metol  are  acceptable  heating  media. 
Temperature  control  must  allow  the  entire  lot  of 
heat-treated  materiel  to  achieve  its  desired  proper- 
ties. Corrosion,  contamination,  and  embrittlement  of 
the  metals  being  treated  jfcaf/ m m be  permitted. 

Processes  such  as  induction  beating,  flame  harden- 
ing, carburizing,  nitriding,  austere pering,  and  mar- 
tempering  are  recognized  processes  but  are  beyond 
tbe  eoepv  of  thb  dissusekm. 

The  equipment  for  beet  treating  must  provide  for 
adequate  handling  and  uniform  treatment  of  the 
charge,  as  well  as  for  precise  control  of  the  titne- 
temperature-cooting  program,  to  achieve  the  desired 
results.  The  quenching  processes  involving  oil,  water, 
and  air  must  to  controlled  to  function  with  adequate 
speed. 


17-17 


UTIHW  H.9JJHIM3 


TAiLI  174.  REPRISXNTATIYE  HEAT  TREAT  TEMPERATURES 


METAL 

TEMPERATURE  3 
SOLUTION  H T 
ANNEALING 

FURNACE  COOL 

N°F  FOR: 
NORMALIZE 

AIR  COOL 

HARDEN 

QUENCH 

TEMPER 

QUENCH 

STRESS 

RELIEF 

AIR  COOL 

STEEL-4?  *0 

1525-1575 

1600-1 700 

1525-1600 

1075 

1600-1700 

TITANIUM 
4 A1-3M0-1V 

1620-1700 

900-975 

900-1100 

COPPER-Be 
ALLOY  no  175 

1700 

90s) 

ALUMiNUM 

2024 

900-93' 

370-380 

MAGNESIUM 

AZ91C 

775-793 

L 

400-425 

The  following  limitations  and  controls  ate  iic- 
ptsaed  upon  the  tteiiisi  nmasstis: 

1.  Transianisau^u -hardening  sleek  ihati  be 
trenched  to  not  less  than  93%  rocr tettute  or  93% 
levrer  bainite,  as  sp^dfwd  by  design  documentation. 
Mixed  structures  are  not  aaxptabic. 

2.  Cooling  oi  stainless  steak  from  the  sanealk^ 
range  must  no:  txt&tu  SO  deg  F/hr  dowsi  to  i J * 1®F. 

3.  Tratiafonoatton- hardening  steels  theti  be  cooled 
to  or  below  quenmog-bath  temperature  before  tem- 
pering. 

4.  The  maximum  permissible  ijxxease  in  depth  o. 
any  rone  of  dc^rburudng  shaU  net  exceed  0,003  in. 

► lilt  *tf.c  C^it  frtna  will  kt)  { Ko  aoiNd«rtn*(t« 
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nmkisjii«g  or  grinding. 

174.4  NONFLRROUS  ALLOYS 
174.4.3  AhHuaian  Alloys 

Air.  ih;idizeci  beds,  combusted  gates,  protective  at- 
I'^iapberca,  <*mi  molten  salt  baths  are  acceptable 
media  for  th-  heai  treating  of  aluminum  alloys,  pro- 
vided that  no  damage  is  done  to  the  material.  Itenu 
processed  in  air  chamber  furnaces  must  be  shown  by 
test  to  be  free  from  high-temperature  oxidation.  Salt 
baths  must  be  of  the  pr  oper  type  and  grade;  nitrate 
baths  wilt  attack  aluminum  magnesium  alloys,  for 
axui&vNc.  Time-  tetnpcratuiv-coodng  cycle  controls 
must  provide  the  desired  properties.  Parts  must  be 
awh&tintiaUy  free  from  lubricant.:  aid  other  foreign 
ntftiar,  which  could  harm  the  material  being  heat 
Quenching  normally  is  conducted  by  total 


imifteruou  in  water  of  I00°F  for  wr<  ight  alloys  snd 
ISf»®  to  2!?‘F  for  Cfesling*  rsk  fftwiiMW.  MeoS  that 
certain  aiioys  may  be  cii-quenched  oi  air-quenched. 

174.4J  Capper  Alloys 

Furnaces  having  vacuum  or  cotnroUad  atmo- 
sphere frequently  are  used  for  copper.  Air  at' 
moephere  may  be  used  when  the  low  of  materiel  due 
to  oxidation  and  scaling  is  out  detriment!  to  the 
finished  part.  Bright  hardening  requires  a oanuollad, 
iKmoxiduing  and  noncomfcustible  gas  ataaosphne  in 
a chamber  funnies.  Molten  salt  bake  iM f mt  be 
used  for  solution  heat  treatment  because  of  the  sus- 
wpuniii;  of  t*.‘k»y»  to  coriosrv*  tumi.  by 

molten  salts  at  solution  hut  treatment  temperature*. 
TinwtopratunKoolinf  cycles  must  be  adequately 
controlled  sad  the  part*  adequacy  dtwnd  before 
charging.  Ctasing  may  involve  vapor  degrease,  acid 
pickling,  or  bright  dipping.  Neutral  salt  baths  may  be 
employed  for  age  hardening,  but  mtsd  be  removed 
carefully  end  neutralized.  Quenching  is  in  water. 
Copper-bery  ilium  mill  product  and  foigiaga  e nr* 
mally  are  supplied  in  a condition  sutaMs  fa:  pvwipi- 
tatior.  beat  treating,  hence,  solution  heat  treating  is 
performed  only  when  wetdiug  or  cold  working  has  re- 
quired a softening  treatment. 

17-5.4  J Tieaahw  AStoys 

Furnaces  having  a slightly  oxidising  or  inert  at- 
mosphere are  employed  for  beat  treating  of  titanium 
alleys.  Reducing  or  endothermic  atmospheres  such  as 


17-1* 


hydrogen  or  cracked  ammonin  shall  mot  be  used. 

Hydrogjn  embrittlement  preecoU  a major  problem 
beoautt  hydrogen  is  absorbed  readily  from  baths  and 
gates.  Quenching  is  in  water,  and  quench  delay  times 
must  be  minimal,  except  that  the  product  shall  bs.  air 
cooled  after  stress-relieving  operations.  The  treat- 
ment of  titanium  at  temperatures  above  1 IQO’F  un- 
der oxidizing  conditions  may  result  in  severe  seeling 
and  oxygen  diffusion  to  form  a bard,  brittle  surface 
layer.  Titanium  alioys  are  susceptible  to  stress  cor- 
rosion by  balkks  at  temperatures  above  550*F. 

174J  DESIGN  ASPECTS  OI 
HEAT  TREATING 

The  heat  treating  processes  to  which  a particular 
part  may  be  subjected  in  the  course  of  its  fabrication 
and  assembly  ere  an  integral  part  of  its  design.  The 
hau  treat  requirements  must  be  defined  clearly  on  the 
drawings  and  in  the  process  specifications  for  the 
part.  The  heat  treatment  must  be  performed  in  tlic 
proper  sequence  to  achieve  the  required  end-item 
propenios.  Because  the  end-item  properties  serve  to 
qualify  the  entire  process,  the  design  must  be  such 
that  the  properties  realistically  can  be  achieved.  As- 

iiiiiiKiii  iu  un  wh  tiiitnij  SSpCCtS  Cf  the  dSS^S  cf 

metal  pens  can  be  found  in  a number  of  military 
documents,  including  MIL-HDBK-3.  -693,  -694, 
-697,  -698.  and  -723.  Additional  information  will  be 
found  in  Ref.  4 and  in  Chapter  II.  AMCP  706-100. 

174  WOftr  HARDENING 

17-6.1  GENERAL 

Whs*  a straw  ia  impoaed  epee  a metal,  me  or  all 
of  the  atoms  in  hs  gratae  am  moved  from  their  equi- 
librium pcstiess,  ntuhiga  in  crystalline  de- 
formation. If  enough  strew  is  applied  to  Mora  the 
lattice  oenimaootly.  the  alowe  will  not  return  to  their 
former  posit  ion*'  the  metal  has  undergone  plans'  de- 
formation. W’wn  this  occurs  below  the  recrystal- 
faetion  temperature,  the  metal  is  said  to  be  “cold 
worked”;  i.e.,  the  grains  have  been  distorted,  elon- 
gated, and  fragmented.  As  stress  is  increased,  the  dis- 
locations in  the  crystals  move  to  grain  boundaries  or 
other  imperfections,  when  they  are  stalled  and  pre- 
sent increasing  resistance  to  further  plastic  de- 
formation. The  metal  thro  it  work  hardened. 

Work  hardening  has  tome  distinct  disadvantages. 
It  can  cause  cracking  in  shcet-metal  forming,  or  it  can 
require  intermediate  annealing  steps  during  shaping 
operations.  In  machining,  the  metal  chip  may  be- 
come severely  deformed  before  breaking  away  from 
the  work  piece.  Austenitic  steels  arc  difficult  to 
machine  because  of  their  high  rate  of  work 


hardening.  And,  at  a consequence  of  their  high  duc- 
tility, much  work  hardening  occurs  before  rupture  of 
the  chip.  This  results  in  increased  power  con- 
sumption and  tool  wear. 

On  the  other  hand,  work  hardening  can  be  bene- 
ficial. Increases  in  tensile  and  yield  strengths  can  be 
obtained,  as  can  resistance  to  bending  and  buckling, 
along  with  increased  fatigue  resistance.  Judiciously 
employed,  the  phenomenon  can  be  used  to  provide 
lighter,  stronger  parts,  thereby  eliminating  the  need 
ior  subsequent,  expensive  heet  treating  equipment 
and  processes.  The  designer  must  be  careful  to  select 
material  that  will  work  harden  to  the  proixr  degree 
during  fabrication  in  order  to  produce  a part  having 
the  required  hardness  or  rigidity  without  excess 
weght.  Knowledge  of  which  gage  and  condition  of 
material  to  select  can  produce  significant  savings.  For 
instance,  many  materials  can  be  purchased  with 
varying  degrees  of  cold  working;  aluminum,  stain- 
less steel,  and  brass  may  be  purchased  fully  annealed. 
1/4  hardened,  1/2  hardened,  3/4  hardened,  and  fully 
hardened  by  cold  working. 

17-6.2  FORMING 

Forming  ujjvi*u<pii>  r«pi«cr»  the  m— jer  arcs 
where  savings  can  be  obtained  by  judicious  use  of  the 
prosees  of  work  hardening.  AU  operations  that  in- 
corporate bending,  stretching,  or  upset  of  metals,  and 
result  in  plastic  deformation  below  the  crystal- 
lization temperature,  involve  work  hardening.  The  ef- 
fect may  be  advantageous  or  disadvantageous,  de- 
pending upon  the  selection  of  the  starting  material 
and  the  rate  and  degree  of  deformation.  For  instance, 
■tainlew  sled  has  high  ductility  but  wrinkles  easily 
with  compression.  A strong,  light  mufllcr  header 
having  increased  rigidity  and  increased  resistance  to 
raugue  can  oc  maoc  by  selecting  the  proper  hardness 
of  stainless  sted  and  then  designing  the  blanking  and 
forming  dies  to  provide  the  required  degree  of  de- 
formation in  the  proper  places.  In  this  case,  an  inner 
stretch  and  an  outer  compressive  deformation  would 
be  required. 

Similar  considerations  also  may  be  appropriate  for 
dished  and  flanged  parts  such  as  wheels,  pulleys,  and 
fairings;  and  in  the  shaping  of  bars  and  tubes,  inte- 
gral stiffeners,  and  large,  stretch-formed  shapes  such 
as  cowlings. 

17-6.3  ROLLER  BURNISHING 

Roller  burnishing  is  a method  of  improving  finish 
and  dimensional  accuracy,  and  results  in  work 
hardening  a surface  without  the  removal  of  metal. 
The  operation  is  employed  primarily  with  interna) 
bores.  Bore  diameter  can  be  increased  by  0.002  to 
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0.005  in.,  although  this  it  not  normally  a primary  ob- 
jective. The  operation  frequently  is  designated  for 
phosphor  bronze  and  sintered  bronze  bushings.  The 
depth  of  burnishing  normally  is  limited  to  three  times 
the  diameter  of  the  hole,  but  the  insides  of  tubes  10  to 
20  ft  long  have  been  roller  burnished.  Wall  thickness 
is  limited  to  no  k 4 than  1/16  in.,  unless  the  wall  is 
supported  properly  by  a backing  material.  Metals 
that  work  harden  rapidly  must  be  at  a lower  hard- 
ness. 

Roller  burnishing  is  a machine  operation  in  which 
a set  of  steel  rollers  is  caused  by  cam  action  to  im- 
pact a surface  at  a rate  of,  perhaps,  2,000,000  blows 
per  min.  This  produces  a smooth  surface,  improves 
roundness  or  straightness,  and  increases  surface 
hardness  to  a depth  of  0.005  to  0.015  in.  The  surface 
may  be  finished  to  a tolerance  of  ±0.0301  in  The 
kneading  action  tends  to  reduce  the  stresses  im- 
parted by  prior  operations,  such  as  welding  and 
machining,  and  also  introduces  a compression  stress 
to  the  surface.  Greatly  improved  fatigue  and  impact 
resistance  can  be  given  to  parts  in  this  manner. 

Roller  burnishing  has  a limited  amount  of  appli- 
cation to  external  surfaces.  A special  operation  using 
a not^ow  roller  of  the  required  shspc  sometimes  is 
employed  for  rolling  fillets.  In  this  case,  the  objective 
is  an  increased  resistance  to  fatigue.  Relatively  smalt 
forces  are  employed  — 100  psi  or  less.  A plain  roller 
of  oil-hardened  tool  steel  at  Rockwell  C-62  to  C-6S 
may  be  used  to  burnish  a fillet  of  1 /32-in.  radius  in 
about  10  passes.  The  rolling  and  pressing  causes  a 
combined  rolling  and  sliding  action  on  the  metal  in 
the  fillet  to  relieve  the  stresses  and  to  work  harden  the 
material  locally  to  higher  hardness  and  fatigue  re- 
sistance. 

17-6.4  SHOT-PEENING 

Shot-pccning  is  a process  used  on  many  helicopter 
components  to  increase  fatigue  strength.  Com- 
pressive stresses  are  induced  in  the  exposed  surface 
layers  of  metallic  objects  by  the  impingement  of  a 
stream  of  shot,  directed  at  the  metal  surface  at  high 
velocity  an  under  controlled  conditions.  When  the 
individual  particles  of  shot  contact  the  metal  surface, 
they  produce  slight,  rounded  depressions  in  the  sur- 
face, thus  stretching  ii  radially  and  causing  plastic 
flow  of  surface  material  at  the  instant  of  contact.  The 
layer  of  metal  thus  affected  is  0 005  to  0.010  in.  thick. 
The  surface  metal  is  in  compression  parallel  to  the 
surface,  while  the  underlying  metal  is  in  tension.  The 
compressive  stress  may  be  several  times  greater  than 
the  tensile  stress,  and  therefore  offsets  an  imposed 
tensile  stress  such  as  is  encountered  in  bending.  The 
fatigue  life  of  the  parts  in  service  is  improved  marked- 


ly. The  stress-concentration  effects  of  notches,  fillets, 
forging  pits,  surface  defects,  and  decarburization  are 
redts'ed  greatly.  Shot-pecning  can  change  to  bene- 
ficial compressive  stresses  the  residual  tensile  stresses 
that  grinding  usually  imposes  upon  a metal  surface. 

A higher  residual  stress,  approaching  the  full-yield 
strength,  can  be  obtained  by  strain  pecning.  This  con- 
sists of  peening  the  surface  while  it  is  being  strained  in 
tension.  The  surface  tensile  stresses  that  give  rise  to 
stress  corrosion  also  can  be  overcome  by  the  com- 
pression stresses  induced  by  shot-penning.  The  brittle 
failure  of  a ductile  material  due  to  stress  corrosion 
has  been  associated  with  brass,  stainless  steel, 
aluminum,  zinc,  magnesium,  and  titanium.  The  com- 
pressive stresses  due  to  peening  are  stable  in  low-alloy 
steels  to  550”F  and  in  high-temperature  steels  to 
800°F.  The  effectiveness  of  peening  in  improving 
fatigue  resistance  is  illustrated  in  Table  17-6. 

Shot  size  has  been  standardized  by  SAE  J444,  and 
the  shot  numbers  range  from  S70  to  SI320.  The  shot 
number  is  approximately  the  same  as  the  diameter  of 
the  individual  pcilcta  expressed  in  ten  thousandths  of 
an  inch.  Cast  steel  shot  is  the  most  widely  used 
peening  medium.  It  has  a useful  life  many  times  that 
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components  of  peening  machines.  Cast  iron  shot  is 
used  in  peening  operations  requiring  tow  initial  cost. 
Where  contamination  with  iron  is  not  desirable  — as 
in  the  peening  of  stainless  steel,  titanium,  aluminum, 
and  magnesium  — glass  beads  are  employed. 


17-7  TOOLING 

17-7.1  GENERAL 


Tooling  for  helicopter  manufacture  is  the  responsi- 
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fined  in  the  contract  with  regard  to  Government- 
fumished  tools,  is  unique  to  the  manufacturing  facili- 
ties of  the  manufacturer.  In  any  event,  configuration 
control  will  be  in  accordance  with  MIL-STEM80. 

Tooling  is  a significant  element  of  helicopter 
manufacturing  cost,  and  the  more  stringent  the 
manufacturing  tolerances,  the  more  costly  the 
tooling.  Consequently,  it  is  imperative  that  the 
tolerances  spscified  by  the  designer  be  kept  in  per- 
spective. 

In  modern  production  work,  where  mating  parts 
arc  manufactured  in  different  departments  or  by  dif- 
ferent contractors,  some  method  is  necessary  for  pro- 
ducing these  parts  sc  that  they  will  fit  correctly  in  the 
final  assembly.  Appropriate  standards  include  M1L- 
STD-100,  ANSI  B4.I-1967,  and  ANSI  YI4.5-I966. 

As  with  airframe  dcaign,  tooling  design  must  be 
performed  in  accordance  with  standard  practices  and 
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TABLE  17-6,  THE  EFFECT  OF  SHOT  PEENING  ON  THE 
FATIGUE  PROPERTIES  OF  SELECTED  SAMPLES 


SAMPLE 

STRENGTH  GAIN 
BY  PEENING , % 

PLAIN  ALUMINUM  Z014  - T6  ROUND  BAR 

23 

PLAIN  ALUMINUM  2024  - T4  ROUND  BAR 

34 

PLAIN  ALUMINUM  7079  - T6  ROUND  BAR 

30 

SPRING  STEEL  5160  FLAT  LEAF 

51 

PLAIN  STEEL  1045  POLISHED 

10 

SINGLE  GEAR  TOOTH  4118  Rc60 

29 

S-ll  STEEL  - GROOVED 

54 

0.54  % C STEEL  - V NOTCHED 

73 

/3An<rrFFi  pm  i<?HFn  pnnwn  rar 

150 

procedures.  Tool  design  standards,  prepared  by  the 
manufacturer,  should  include  design  drafting  prac- 
tices, design  and  shop  techniques,  standardized  tool 
specifications,  types  of  materials,  standards  of 
material  strength  and  dimensions,  and  tool  pro- 
duction and  qualification  processes. 

For  most  projects,  tooling  will  fall  into  two  stages: 
prototype  tooling  and  production  tooling.  When  the 
design  of  a helicopter  is  released  for  manufacture, 
drawings  and  specifications  for  ail  of  the  parts  and 
assemblies  are  used  for  tool  planning  and  tool  design. 
Tool  engineers  consider  the  number  of  units  to  be 
produced,  the  required  rate  of  production,  the  equip- 
ment and  resources  of  the  plant,  and  contractual  limi- 
tations, if  any,  on  tool  costs.  When  all  factors  have 
been  weighed,  the  tooling  plan  will  be  defined.  The 
production  planners  then  can  break  down  the  manu- 
facturing processes  for  each  part  into  individual 
operations. 

The  helicopter  will  have  been  designed  by  en- 
gineers who  are  concerned  primarily  with  the  proper 
functioning  of  each  part,  although  they  will  have  kept 
in  mind  the  factors  of  prod  inability  and  economy. 
The  tool  engineer,  familiar  with  the  manufacturing 
facilities  and  the  tool  stockpile,  firft  will  consider  re- 
design of  the  pert  for  easier  or  more  economical 


manufacture.  New  material  compositions  or  con- 
figurations, new  manufacturing  processes,  and  new 
tooling  sequences  are  possible.  For  instance,  a casting 
might  be  replaced  by  stamped  sheet  metal,  requiring 
a forming  die.  Often,  a suitable  tool  can  eflect 
economy  in  manufacture  by  reducing  the  amount  of 
material  scrapped. 

When  the  machine  sequence  has  been  determined, 
the  individual  operations  are  listed.  An  operation 
consists  of  all  of  the  work  that  can  be  dcnc  at  one  set- 
up, or  station.  The  operations  arc  planned  in  an  ordcr 
that  will  reduce  the  number  of  special  tools  to  a mini- 
mum. Thus,  it  is  better  to  design  dies  for  multiple 
operation  on  a single  press  than  to  require  individual 
operations  on  a number  of  punch  presses.  The  same 
multiple- use  capability  is  desirable  for  jigs  and  fix- 
tures. 

Once  an  operation  is  listed,  the  tool  to  be  designed 
is  determined  from  the  description  of  the  given  opera- 
tion, the  machine  to  be  employed,  and  a set  of  de- 
tailed drawings  of  the  part  to  be  made.  This  tool  — - 
complete  with  assembly  drawings,  subassemblies, 
part  details,  and  specifications  — becomes  an  ele- 
ment of  configuration  control  for  the  helicopter. 

For  both  prototype  construction  and  production, 
there  are  three  broad  categories  of  tooling:  shop 


17-21 


AMCP  706-202 


tooling,  airframe  tooling,  and  teat  tooling.  The  latter 
two  categoric*  may,  in  turn,  require  shop  tooling. 

17-7.2  SHOP  TOOLING 

Cutting  operation*  in  the  shop  are  performed,  for 
the  most  part,  with  standard  tool*  or  with  ex- 
pendable tool*  that  do  not  become  part  of  contract 
inventory.  On  occasion,  however,  special  bar  tools 
may  be  required  fo  boring,  reaming,  recessing, 
grooving,  undercutting,  and  similar  operations.  Most 
of  the  speda  tools  for  shop  use  are  jigs  and  fixtures 
for  holding  the  work  piece  and  guiding  the  work  per- 
formance. 

17-7.3  AIRFRAME  TOOLING 

Fabrication  of  helicopters  requires  the  transfer  of 
numerous  dimensions  from  an  engineering  drawing 
or  prototype  to  the  item  being  built.  Where  the 
number  of  items  to  be  built  is  small,  and  the  per- 
formance requirements  not  too  great,  the  structure 
can  be  produced  economically  by  extracting  di- 
mension* directly  from  a blueprint.  However,  for  the 
production  of  large  number*  of  airframes,  highly  pre- 
cise tools  have  been  developed  for  transferring  the 
configurations  of  nondimensional,  lofted,  full-size 
drawings  to  the  actual  structure,  even  though  por- 
tions of  that  structure  are  manufactured  by  many  dif- 
ferent manufacturers.  The  five  primary  type*  of  tools 
employed  are: 

1.  Master  tools,  designed  so  that  dimensions  for 
the  entire  helicopter  can  be  referenced  to  several 
master  tools.  Each  tool  is  the  three-dimensional 
representation  of  a key  portion  of  the  system. 

2.  Templates,  a thin  plate  of  metal  or  other  suit- 
able material  that  may  be  used  aa  a guide  or  pattern. 
A template  generally  defines  the  profile,  contour,  or 
layout  of  holes;  the  bend  lines  of  a part,  or  an  as- 
sembly layout  of  several  parts. 

3.  Optical  tooling,  a system  of  tools  constructed 
with  alignment  telescopes  at  one  end  and  targets  at 
the  other  end.  With  the  use  of  such  line-of-sight  tools 
— together  with  master  gages,  tooling  bars,  incre- 
ment bars,  optical  micrometers,  and  a transit  — the 
configuration  of  a system  can  be  controlled  from  a 
single  datum  line  in  six  dagreca  of  freedom. 

4.  Jigs  and  fixtures,  coordinated  to  the  master 
tools,  position  and  hold  the  detail  parts  in  their  rela- 
tionship for  drilling  and  fastening.  Smaller  or  sub- 
assembly  components  are  fabricated  in  fixtures  that 
are  coordinated  to  larger  or  main  assembly  fixtures. 
The  large  components  then  are  loaded  into  joining  or 
final  assembly  fixtures  to  complete  the  assembly  of 
the  airframe. 

3.  Plastic  Tooling.  The  number  of  parti  to  be 


made  and  the  material  the  parts  are  made  from  are 
determining  factors  in  the  type  of  tooling  to  be  used. 
There  are  three  common  elements  used  in  plastic 
tooling: 

a.  Mock-up*. 

(1)  wooden 

(2)  plaster  filled  grids 

b.  Molds: 

(1)  high  temperature  epoxy 

(2)  tow  temperature  wood 

(3)  matched 

(4)  aluminum  shell 

c.  Trim  tools. 

Special  tools  in  those  classifications  may  be  de- 
signed for  inspection  or  for  the  application  to  testing 
of  fabricated  parts  or  systems  using  the  tat  tools  des- 
cribed subsequently. 

Basic  decisions  as  to  tooling  design  must  be  made 
concurrently  with  design  of  the  airframe.  Tooling 
drawing*  will  be  initiated  aa  soon  as  a flow  chart  and 
production  breakdown  sure  possible;  the  basic  tool 
philosophy  and  procedures  must  be  alsblished  at 
this  time.  The  toohug  ijriwui  i Stall  ue  designed  to 
allow  maximum  latitude  for  airframe  design  changes 
while  minimizing  the  need  for  redesign  of  tooling. 
Continuity  of  datum  points  and  coordinate  reference 
lina  and  planes  must  be  retained  at  all  times. 

In  most  cases,  the  tooling  processes  employed  will 
involve  all  five  type*  of  tooling  discussed,  but  will  re- 
ly more  heavily  upon  one  type  for  configuration  con- 
trol and  quality  assurance.  The  quality  assurance 
program  will  be  determined  almost  completely  by  the 
processes  selected  since  the  same  systems  are  em- 
ployed for  inspection  as  for  production. 

Considerable  variar  ~ "i  be  introduced  when 

numerical  control  lof_..„  employed.  In  this  case, 
the  engineering  data  are  transmitted  in  mathematical 
form.  Automatically  programmed  tools  are  possible, 
with  a computer  working  from,  or  producing, 
numerical-control  drawings. 

Provision  must  be  made  for  special  situations.  For 
example,  because  of  tbe  small  cross  sections  and  the 
extremely  dose  tolerances  required  in  the  manu- 
facture of  rotor  blade  components,  normal  lofting 
practice  may  not  be  followed.  These  components  may 
be  fabricated  in  closely  dimensioned  detail.  Rib  and 
other  blade  components  may  be  lofted  actual  size  and 
provided  with  appropriately  toloraneed  dimensions 
for  inspection  purpose*. 

When  justified  by  the  nur  ber  of  units  and  the 
number  of  subcontractors,  the  manufacturing  and  as- 
sembly processes  may  be  built  around  the  use  of 
master  tools.  In  this  case,  quality  assurance  can  be 
improved  and  simplified  because  master  tools  ettmi- 


P-22 
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nata  individual  interpretations  of  engineering  values 
and  permit  duplication  of  dot*  tolerances.  Furthei, 
by  bavins  a control  matter  as  tbs  dimensional  au- 
thority, duplicate  marten  can  be  built  for  um  by  sub- 
contractors. Protection  also  is  provided  agaiiuu  the 
lorn  of  dinvAMional  control  should  master  tools  be 
damaged. 

17-7.4  TECT  TOOLING 

Most  physical,  mechanical,  thermal,  end  electrical 
testing  will  be  aocompUsbad  with  standard  input  and 
readout  equipment,  end  by  ua  of  expendable  appe- 
rmtus  such  as  strain  gages  and  reaisUnoe  strips. 
However,  some  of  she  qualification  requirements  for 
a helicopter,  end  its  assemblies  or  subassemblies,  re- 
quire testing  in  a configuration  or  in  an  environ- 
mental or  fatigue  condition  that  is  not  attainable  with 
standard  teat  equipment.  Such  tests,  for  example, 
may  become  necessary  to  design  and  fabricate  test 
fixtures,  test  stands,  load  input  equipment,  and  read- 
out equipment  peculiar  to  the  helicopter  system  that 
is  to  be  manufactured.  Such  special  testing  might  in- 
volve tbs  twisting  loads  on  the  helicopter  fuselage,  vi- 


bration inputs  in  specified  attitudes  and  types  of  sus- 
pension, fatigue  of  assemblies,  and  determination  of 
rotor  stability  characteristics. 

Design  and  construction  of  special  test  tooling 
must  be  initiated  as  soon  as  the  final  configuration 
and  tbs  qualification  specification  have  been  de- 
fined. Verification  of  tbc  test  toots  and  teat  tool  pro- 
cedures mutt  precede  their  application  to  the  evalua- 
tion and  qualification  of  the  helicopter  and  its  subas- 
tsmbiioe  and  assemblies. 
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APPENDIX  A 

EXAMPLE  OF  A PRELIMINARY  HEATING,  COOLING, 
AND  VENTILATION  ANALYSIS 


A-l  HEATING  AND  VENTILATION 
ANALYSIS 

The  following  ia  an  example  of  a heating  and  venti- 
lating system 

A-l.l  DESIGN  REQUIREMENTS 

1.  The  heating  ayatem  shall  be  capable  of  main- 
taining a temperature  of  60*F  in  occupied  spaces 
where  the  outside  air  temperature  ia  -65°F  or  above. 

2.  The  ventilating  ayatem  shall  be  capable  of  de- 
livering no  leu  than  2.25  lb  of  freth  air  per  min  to 
each  occupant. 

3.  The  surface  temperature  of  the  ducts  within 
reach  cf  operating  personnel  shall  net  be  in  excess  of 
180°F. 

A-1J  DESIGN  ASSUMPTIONS 

1.  The  number  of  occupants  in  the  aircraft  is  33:  3 
in  the  cockpit  and  30  in  the  cabin.  Metabolic  heat 
rate  for  a seated  person  (writing)  is  400  Blu/hr  per 
occupant. 

2.  Heat  gain  due  to  solar  radiation  at  -65°F  is 
negligible. 

3.  Outside  air  infiltration  rates  are:  cockpit,  100 
cfm:  and  cabin,  300  cfm. 

4.  Humidity  effect  at  -65°F  is  negligible. 

5.  The  heating  system  heat  loss  is  equivalent  to  20 
deg  F. 

6.  The  blower  volume  flow  rate  is  a constant. 

7.  Mechanical  heat  sources  and  fan  work  are  negli- 
gible. 

8.  The  cabin  ceiling  and  upper  3.5  ft  of  the  side 
walls  are  covered  with  3 in.  of  insulation.  The  ther- 
mal coefficient  U of  the  insulation  is  0.G7  Btu/hr-°F- 
ft1. 


9.  Heat  transfer  coefficients: 


Surface 

U.  Btu/hr-1 

Transparent  areas 

1.69 

Floor 

0.7 

Uninsulated  wall 

1.85 

Insulated  wall 

0.07 

10.  Electrical  equipment  uses  0.225  kVA 

11.  Air:  o - » t0 lb/ft\ c,  - 0.24  Btu/lb-°F 


12.  Heat  transfer  area*: 


j&rfiig. 

AgjJIL 

Cockpit  windshield 

SOt) 

Cockpit  skin 

50.0 

Cockpit  floor 

50.0 

Cabin  rear  ramp  (uninsulated) 

60.0 

Cabin  windows 

26.7 

Cabin  floor 

225.0 

Cabin  walls  (uninsulated) 

180.0 

Cabin  walls  (insulated) 

259.0 

Cabin  ceiling  (uninsulated) 

105.0 

Cabin  ceiling  (insulated) 

225.0 

A-l  J HEAT  LOSSES 
A-1J.1  Cockpit 

The  heat  losaea  result  from  convection  and  infil- 
tration, i.e.. 


Qaxkf4tIMti  m Qccmtcilaii  + Qlufllirtttom 

(A-l) 

A-U.l.l  Connection 

The  heat  losaea  arc  through  the  transparencies,  un- 
insulated skin,  and  floor,  i.e.. 

Qcomttlon  m Q tnmipenitcy  ^ Imhmdmml) 

+ «A»or 

(A-2) 

where 

a - VA&T 

(A-3) 

- (Btu/hr-'F-ft1)  • (ft1)*  (“F)  - Btu/hr 
" (I.69X50)[60  - (-65)]  - 10.560 

Btu/hr 

0-85X50)160  - (-65)]  - 11,560 

Btu/hr 

Qfloor  - (0.7X50)[60  - (-65))  « 4,380 

Btu/hr 

By  Eq.  A-2,  the  cockpit  total  convection  heat  loss 
is: 

- 10,560  + 11,560  + 4,380  - 26,500 

Btu/hr 


A-l 


mjssrm 


•"  a ijt" .... 


A-IJ.1J  Uknte 
The  heat  los*  resulting  from  infiltration  is: 

Q^umm-cWAT  (A-4) 

- (Btu/5b-'Fj  • (ib/hr)  • (°F)  - Biu/hr 

Based  on  the  given  infiltration  rati  of  IOC  efro  into 
the  cockpit,  the  resulting  pounds  of  air  W arc: 

W » (ftVmin)  • (lb/ft’)  • (min/hr)  - lb/hr 

- (100X0.1X60)  - 600  lb/hr 

Therefore,  by  Eq.  A-4: 

- - (0.24/600)(60  - (-65)]  - 18,000 

Btu/hr 

A-I.J.1.1  Total  Cockpit  Hoot  Lose 

By  Eq.  A-l,  the  total  heat  loss  is 

" 26,500  + 18.000  - 44,500  Btu/hr 

A-1.3J  CaMo 

The  feat  loses:  result  Das  copvsetion  snd  infiltra- 
tion. i.c., 

m "I"  QmfUtnu'tm  (A-5) 

A-Ull  Cerev«ct*a 

The  heat  loaaea  .'re  through  the  ramp,  transparen- 
cies, floor,  walls,  snd  ceiling,  i.e., 

Qnmtrrim  — Qmt  -g/  (*+u*Und)  + <j  intnpwtncy 
+ gyS*or  ->  hmltltJ wM 

+ qkmtotjmdl  (A-6) 

■A"  q m+i  mdmlt i eeitimt  iK*>  rump 

4-  qkuJmrnlidlmt 
Therefore,  by  Eq.  A-3 

m (1 .85X60)[60  — (—65)] 

- 13,900  Btu/hr 
- (1.69X26.7)[60  - (-65)] 

» 5,640  Btu/hr 
” (0.7X225)[60  - (-65)1 

- 19,690  Btu/hr 

9-*u — - (1.85X180)[60  - (-65)] 

- 41,630  Btu/hr 

«<•**.*/  - (0.07X259)160  - (-65)] 

- 2,270  Btu/hr 

fan-few*******  “ (1  85X105)160  - (-65)] 

- 24,280  Btu/hr 

?*»*<*«*«  “ (0.07X225)[60  - (-65)] 

- 1,970  Btu/hr 


By  Eq.  A-6,  the  cabin  total  convection  heat  loss  is 

Qccomi*,  - 13,900  < 3,640  + 19,690  + 41,630 
+ 2,270  + 24,280  + 1,970 

- 109,380  Btu/hr 

A-13.Z.X  IafUtratioe 

The  heat  lots  resulting  from  infiltration  is  by  Eq. 

A4. 

Q infllhatio*  — CpW  &T 

Since  the  infiltration  rate  is  given  ss  300  cfm  into 
the  cabin,  the  resultina  pounds  of  air  W ore: 

W » (ft*/min)  * (lb/ft1)  • (min/hr)  - 5b/hr 
- (300X0.1X60)  - i,800  Ib/hr 

Therefore.  by  Eq.  A-4 

- (0.24X1,800)160  - (-65)] 

- 54,000  Btu/hr 

A-IJ.2.3  Total  Cabin  Heat  Lore 
By  Eq.  A-5,  the  total  heat  loss  is 

QcM.iouI  « 109,380  + 54,000  - 163,380  Biu/hr 

A-1.4  VENTILATING  AIR  REQUIRED 

A-l  .4.1  Baaed  ca  Niabsr  of  nuaMin  tad 
MWnaua  Ventilating  Rate 

The  ventilating  air  requirements  are: 

K'w  - + ****  (A-7) 

The  weight  W,  of  the  air  required  is  determined  by: 

Wm  - (lb/inin-occupant)  • (occupant)  (A-8) 

* Ib/min 

Therefore,  based  on  the  given  conditions  of  3 cockpit 
and  30  cabin  occupants  each  requiring  2.25  lb  of  fresh 
air  per  min: 

"Wa  -(2.25X3)-  6.75  Ib/min 
W,^  - (2.25X30)  «■  67.5  Ib/min 

By  Eq.  A-7,  the  total  minimum  ventilation  require- 
ment is: 

- 6.75  + 67.5  - 74.25  lb/mir. 
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A-l.4.2  P.eqidr  sweat  Based  oa  Mtxiwn  Allowable 
Temperature  DUTctnce 

Since  the  pur  face  temperature  of  the  du-to  cannot 
exceed  180JF,  the  maximum  allowable  temperature 
difference  A T in  occupied  area-  ;s: 

AT*  180  - 60  = 120 deg F 

Thus  it  is  necessary  to  determine  if  this  allowable  A T 
ir  sufficient  to  satisfy  the  cockpit  and  cabin  heat  losses 
based  oi.  f circulation  demanded  by  minimum  ventila- 
tion requirements. 

A-l.4.2.  l Cockpit  Requirement 
The  required  ccckpit  A T is 

i :‘  •'Vcix'tw.  r “ deg  F 

(A-9) 

Use  the  licat  loss  of  44,300  Btu/hr  from  par.  A- 1.3. 
1.3. 

- 44,500/[{0.2*X6.''3X60):  - 458 

degF 

...  ■ Sines  the  458-dcg  F temperature  difference  exceeds 
the  allowable  AT  - 180  deg  F,  the  airflow  to  the 
cockpit  mu»:  exceed  the  minimum  required  for  venti- 
lation. The  required  amount  of  cockpit  air  based  on 
the  allowable  A T ■ 120  deg  F ir. 

*+*0  - T)  - Ib/hr  (A- 10) 

- 44.300/[(OJ4X  120)1 

- 1,343  Ib/hr  - 25.8  Ib/min 

A-MAJ  Cahfs  Xequiram* 

Similarly,  use  the  beat  !om  of  163,380  Btu/hr  from 

paur.  A-l  .3.2.3. 

AT,^  - 163,380/H0.24X67.5X60)]  • 168 

deg  F 

Since  the  168 -deg  F temperature  difference  also  ex- 
ceeds the  allowable  limit,  the  airflow  to  the  cabin 
must  exceed  the  «nir.  mum  required  for  ventilation. 
The  required  amount  of  cabin  air  based  on  the  allow- 
able AT  - ISO  deg  F is 

“ 1 63,380/  [(0.24X 1 20)1 

— - 5,670  Btu/h«  “ 94.5  Ib/nsiu 

A -1.4. 2 A Total  Air  Requirement 

\ By  Eq.  A-7,  the  total  ventilation  requirement  based 


on  the  a’lowablc  AT  - 120  d.g  F is 

W„lolal  - 25.8  4-  94.5  12C.3  .b/roin 

A-1.4J  Total  Keat  Rernheawnt 
Since  the  system  heating  lost  is  given  as  20  deg  F, 
the  total  temperature  difference  between  the  outside 
air  (-65°F)  and  the  heating  ducts  (180*F)  is: 

A 7W  - 180  - (-65)  + 20  - 265  deg  F 

Accordingly,  the  total  heat  required  is: 

fi—  - (0.24)((120.3X«)K265) 

- 459,100  Btu/hr 


4-1.5  HEATER  REQUIREMENTS 

The  net  heat  requirement  to  be  supplied  by  the 
heater  is  the  difference  between  that  required  and 
that  gained  from  the  occupants  and  electrical  equip 
ment.  i.e., 

Q™,  m Quxtd  - Qtm  (A-U) 

A-1.5  ! Heat  Gxiotd 

The  occupants  and  the  electrical  equipment  are  re- 
sponsible for  the  heat  gain,  i.e., 

Qztlm  " Qocatftxu  + Qiltrlticel  (A-12) 

The  lieat  generated  by  the  33  occupants  based  on 
the  given  metabolic  heat  rate  of  400  Btu/hr  is: 

Qotcvm,  “ (Btu/hr-occupant)  • (occupant) 

- Btu/ar 

- (33X400)  - 13.200  Btu/hr 

Since  the  electrical  system  power  consumption  is 
0.225  kVA.  the  equivalent  heat  is: 

<?****  - (WA)  • (Btu/hr  - *VA)  - Btu/hr 

- (0.225X3,413)  - 768  Btu/hr 

By  Eq.  A-12,  the  total  beat  gained  is: 

Q*+  » 13.200  4-  768  - 13,966  Btu/hr 

A-I5J  Nat  Heat  Raqabad 

Since  the  total  heat  required  by  par.  A-l.4.3  was 
439,100  Btu/hr,  by  Eq.  A-li  the  net  heat  required  is 

- 459.100  - 13.968  - 445,132  Btu/hr 

A-3 


Oh 


a sgjgfcaa 


A-UJ  Heater  Size  * 

The  nearest  available  heater  size  to  satisfy  the  heat- 
ing requirement  of  445,132  Bfj/hr  is  a 600,000- Btu/ 
hr  heater. 


A-1A  BLOWER  SIZE 

The  blower  must  provide  air  for  both  ventilation 
and  combustion  of  fuel  tc  heat  the  air,  i.e., 

Wtmti  * ^ (A- 13) 

A-li.l  Vahai  of  Air  to  be  Delivered 
The  weight  of  ventilating  air  (torn  par.  A-l. 4.2.3  is 
120.2  lb/min. 

To  determine  the  combustion  airflow,  assume: 

1.  Heat  transfer  efficiency  n «*  0.65 

2.  with  higher  beating  value  HNV  » 18,400 
Btu/lb 

3.  Fud-air  ratio  WjfWt,  - i/15. 

Tlwn  the  airflow  required  for  the  445, 13?  Btu/hr  out- 
put is: 

- QJWHV&WJWW  (A- 14) 

- (Btu/hr)/((Btu/!b)  • ( WJ  - 

Ib/hr 

- (445.132)/l(l8.400XI/15X0.65)] 

• 558  Ib/hr  - 9.3  lb/min 

By  Eq.  A-13,  *he  total  airflow  required  is: 

Wmual  - 120.3  + 9.3  - 129.6  lb/min 

or  in  terms  of  cfm 

K\w  - 129.6/p  - 129.6/0.1 

“ 1^96  cfm 

A-1A2  Pnaeu*  Drag 
Assume  the  followin*  pressure  losses: 

1 . Per  foot  of  straight  duct:  0.05-in.  of  watci 

2.  Per  93-deg  elbow;  1.0-in.  of  water 

3.  Fresh  air  infer.  2.0-in.  of  water 

4.  A crew  the  heater  2.0-in.  of  water. 

A blower  with  a pressure  A p rise  of  13-in.  of  water  is 
required,  applying  these  unit  losses. 


A-2  COOLING  AND  VENTILATING 
ANALYSIS 

The  following  is  an  example  of  a cooling  and  ven- 
tilation analysis. 


A-2. 1 DESIGN  REQUIREMENTS 

The  design  condition  is  to  maintain  90*F,  40% 
relative  humidity  (RH)  maximum  during  a MIL- 
STD-210  hot  day  (I03*F  and  95%  RH)  in  the  oochpct 
only. 


A-2.2  DESIGN  ASSUMPTIONS 
For  solar  radiation  effect*  it  is  assumed  that  trie 
helicopter  is  heading  due  aouth  at  1400  hours  in  the 
afternoon  of  August  1.  Other  considerations  remain 
the  u me  as  for  the  heating  analysis.  No  heat  street 
due  to  mechanical  sources  will  he  considered. 


A-U  DETERMINATION  Oh  EFFECTIVE 
TEMPERATURE  DIFFERENCES 
ASSOCIATED  WITH  VARIOUS 
SURFACES  OF  THE  HELICOPTER 

A-2J.1  .Effective  Solar  Tenpcratwts 
The  cuts.de  surface  temperature  is  dependent  upon 
the  outside  heat  transfer  film  coefficient  /<>,  the 
portion  a of  tolii  radiation  l which  is  absorbed,  and 
the  outsiac  ambient  temperature  To.  The  relation- 
ship for  this  effective  surface  temperature  t,  (solar 
temperature)  as  given  in  Ref.  A-l  is: 

h » To  + all  fa,  *F  (A- 15) 

where 

a - fraction  of  solar  radiation  absorbed,  dimen- 
sionless 

fa  * heat  transfer  coefficient  (film),  Btu/hr-fU-^F 
/ - solar  radiation,  Btu/hr-ft1 

For  this  case,  fa  “ 13,  To  *>  103.  and  a * 0.8;  there- 
fore, from  Eq.  A- 15: 

t,  - 103  + 0.S//13  - 103  + 0.06!f.*F  (A-16) 

The  temperature  for  each  surface  of  the  helicopter 
depends  upon  thehun  angle,  which  affects  I.  The  fol- 
lowing values  of  It  are  taken  from  Ref.  A-2  for  the 
conditions  of  this  example: 

It,  Btu/hr-ft1 

25 
160 
16 
105 
250 
16 


Surface 

Iemx.  Vortical 
Iwml.  Varik* 
In  talk.  Vjrtktl 
Isnck.  Vonknl 
I Hcriioaut  Ttf 
1 Bat  UK 


A-4 


msism 

From  theas  fa.  the  fcikywinft.  u,  tn  nftrikwH  ftxw  Amaa  uainnfilrtiri  *SwJT  mnm  of  the  feBowif 

Eg.  A-lfc  Hmmtau: 


<e 

Taaaparafinra.  *F 

u>k 

1045 

tliy 

1j3 

t,/„ 

104 

ItlS 

1095 

‘*iu 

IIS 

''-'Am 

104 

A4JJ  Eftscrive  AT* 

mined  from  Eq.  A-17. 

Ar-r^-r^degF 

(A-17) 

or  since  7*^^  - W*F, 

AT.  ^ _ on  Am  a? 

The  resulting  AJ, follow: 

di  Am.lt1 


Ajmum  traaqperaat  imi  of  the  fodowtag  dhaan- 


£, 

Aten,  ft* 

17.9 

*'w 

17.9 

*'s 

162) 

** r 

174 

Cilciilatloa  of  tha  km  fate  boeed  oa  the  given 

data  follow. 


Temperature  Difference,  deg  F 

ATj 

14.5 

23 

A Tn 

14 

195 

AJW 

28 

14 

A-Z4  COCKPIT  HEAT  GAINS 

The  principal  sources  of  haas  gain  considered  are. 

1.  Convection,  infiltration,  iou  aoiar  radiation 

2.  Occupants 

3.  Electrical  system. 


A -2X1  Owe  trier  MBria  In,  and  SsSw  Bedfaata 
The  beat  gain  c»  eaprawe d as; 


+ <?**-*. 

+ GUr 


(A-II) 


Crtr-*?,  + c^lFAr,  ♦ re/br 


wlwre  A, is  the  projected 
directions. 


of  the  d f, 


A-2X1.1  OwrecCha  Gohta 
The  hast  gains  are  through  Uw  waits  (akte),  floor, 
and  tsasapermt  anas,  1a, 

Qm wat  » (w*  + llhr 

•f  fMn«w«w  (A- 19) 

wham 

fw,  " f£  + <J»  ♦ f W + fa  + f Star 
gaM^  **  (*m 

fMMMMwm  » f'f  + §V  + o'*  + g'lfar 


By  Eq.  A-3,  wham  C/ » 14(3  far  tnSa—ftriad  walla. 


f* 

- (245X40(145)  - 337  Bta/fcr 

«w 

- (143X44(23)  - 851  Bta/hr 

f » 

-(14SX0XM)-0 

«* 

- (145X20X195)  « 721  Bte/hr 

«*w 

- (1 45X0X28)  “ 414  Btn/hr 

«<* 

- 337  + S3»  ♦ 721  -r  414 
» 2523  Btn/hr 

Alan  by  Eq.  A-3,  whan  1/  » 0.7  far  ftoeta, 

«a~  - <e.7X«K»4)  - SKBta/hr 


A-3 


Abo  by  Eq.  A-3,  when  V * IM  for 


fi  - (M9KI74XI43)  “ 439  Btu/br 
gw  - (IJ9KI7-9X23)  - 496 ftn/kr 

«*«  - (1  A9K(6Ki9.3)  - S?T Bt  /hr 

f-aw  - (1.69)124)01)- 60o  Btu/br 

mi 

f r 439  + 696  + 527  + 606  ■ 2066 

Btu/br 

Tbnfon  total  haat  grind  by  ooemdoo  (Eq.  A* 

19)  ia 

Qcm**m  - 2,522  + 584  + 2061 
- 5029  Btw/hr 


A4A10  hsAtradao  Gaia 
By  Eq.  A-4,  asd  tha  daaign  tawnfticw  aad  re- 
qkwateate  of  pan.  A-10  aad  A-2Z 

Ori**.  - «U4X10GXQ.1X«9XI@3  - ») 

. i ma>/b 

-» — — f — 


UiU  Safer  Radtettea  Cater 
The  tool  gate  Cron  aotar  radiation  ia  detern'nad 
by  Eq.  A-30. 

QmtwAf/t,  Btu/br  (A») 

Tha  valuta  far  tha  tnanparaat  ana  At  an  gtaa  ia 
par.  A-2A.I;  tin  vahna  f«  aahr  radtethiia  h ia  par. 
A-20X 


« g ter  + *«W  + 

+ «*«*  4 *****  (A-21) 

f - (17.9)03)  - 441  Bta/br 
*te  - (179X140)  - 2064 Bta/br 
(«ha*9 

f te  “ (MMMS)  - 1410  Bta/br 
Ite  - (124X259)  - SOM  Bta/br 


0*w  - 448  + 2JM4  + 1J60  + SOBS 
• 6,192  Bta/br 


Bp  Bq.  A-lt  tha  tatal  fete  gate  ia: 


#•**  - 5079  + 1072  + 8,192 
- 1 5043  Bta/br 


4400  OMpati 

Tha  hast  fanareted  by  the  3 cockpit  occupant! 
baaed  on  tin  fives  metabolic  heat  ntr  of 400  Btu/br 
k 


Qmmwm  - (3X400)  - 1 000  Btu/br 

4400  Efeetrkte  gyateai 

Tha  QtUcatc  from  par.  A-l.5.1,  ia  768  Btu/br. 

4444  Total  CcckyH  Heat  Gate 
The  total  heat  gain  by  Eq.  A-1S  k 

G~**W  “ ISMS  i 1000  + 768  - I7A1 1 

Bu/hr 


440  AIR  CONDITIONER  SIZE 

I«  this  paragraph  ootMbtsoouef  of  the  air  for  veati- 
takm.  fan  hast  aad  aa.  aad  prenure  agaiaat  which 
tha  faa  mint  optr  via  an  ooasMend  ia  ordar  to  dater- 
aiae  tha  aka  of  tha  air  coodhtooteg  e^aipanwt  ie- 


la  the  exaaipW  choaaa  Craah  air  it  at  103®F,  95% 
RH.  Stece  veattfnrioa  fa—  cool  by  weieg  aadweat  air 
oaly,  tha  daaiga  raqatomnat  of  90*F,  40%  RH,  caa- 
aot  be  mat  Haws,  aar  ceadhhmir^  h awanwry. 
CoadMoaiag  aunt  provida  far  waaoval  of  tht  aaii- 
Mr  teat  of  tha  ah  aad  tha  heat  of  ouadeasatiaa  of  the 

Tha  aandUt  haat  lanovad  from  tha  air  baead  oa 
tha  205  fa/aria  rorapaal  'antflattea  ran  aad  3 oocw- 


w - (205X3)  ->  6.75  fc/aua 

Q~t*  - CfWAT 

" (034)J(*.75X«ftXt03  - 90) 

- l064Btu/hr 

Tha  anoint  of  water  rwaovod  from  the  air  by  tw* 
dadag  tha  RH  from  95%  to  49%  may  be  dnanaiaad 

«^©j045  iHoab  r/&-air 
water  hi  9TF.  40%  RH  ate  - 0412  i+wtear/Ikair 
water  lamed  - 02X33  h«ter/ll« 
Since  the  hate  of  eoadnateiea  of  water  ia  I J&37  8*u/ 
Ha  water,  tha  total  teat  of  eaudaomiia  k 

g-a— s.  - RtewObtehr/Bdr) 

X (tear  q/cmad mattea) 

- K6.75X«B«0M3X»JBJ7) 

• 1 3.860  tfe/hr 


■ *- 


* 
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The  heat  removed  in  cooling  the  water  vapor  or 
water  from  103*  to  90* F is  very  until  and  can  be  neg- 
lected. 


A-2-5J  FauStw 


Heat 


Ventilation  Tans  and  any  other  fans  moving  air  into 
the  occupied  space  cool  their  own  motors  with  the  air 
they  are  moving.  Many  times,  ventilation  fans  are  in- 
stalled in  an  exhaust  mode.  When  this  occurs,  no  heat 
is  gained  by  the  occupied  space  and  fan  heat  is  n*g- 
bcud.  Air  conditioner*  may  be  d .vtn  by  compres- 
sor bleed  air  from  either  the  engine  or  an  APU  and 
no  met  heat  is  added  to  the  occupied  space  if  the 
air  conditioner  is  driven  electrically,  heat  will  in 
general  have  to  be  added  to  the  syttem.  For  the  exam- 
ple case,  asaume  that: 

1.  Ventilation  fans  arc  on  the  input  side,  bringing 
fresh  air  into  the  cockpit  at  a rate  of  6.75  lb/min. 

2.  Vor  illation  fans  ore  moving  the  rest  of  the 
cooled  air  at  a speed  v - 30  ft/min. 

3.  Cross  aectioaal  area  A for  the  cockpit  is  32  ft.’ 

The  volume  K.cf  air  to  be  moved  is: 

Vt  - A*  (A-23) 

- (ft1)  o [(ft/min)  • (min /hr)]  m ft»/hr 

- (32)K30X»)]  - 57,600  ft’/hr 

In  Addition,  tbr  following  amount  of  fresh  ail  k in- 
troduced for  ventiiatica  (the  deaaitv  a of  air  at  I03*F, 
95%  RH,  ia  OJ064  lb  /ft1): 

v;  - I VJp  (A-24) 

» [(lb/flsia)  • (mia/hr)]  • (1 /(lb/ft1)] 

- ft* /hr 

- K6.75X60)K 1/0.064)  - 6.32*  fl’/hr 


The  total 


- 57,600  + 632t  - 63,92*  tt’/u 


t.  Per  loot  of  straight 


0.05- iu.  of  water 


~) 

\ 


\ 


2.  Per  90-deg  dhow:  1-in.  of  water 

3.  Across  fresh  air  inlet:  2-in,  of  water 

4.  Across  air  conditioner  2-in.  of  water. 

Assume  further  that  theee  unit  loaaea  result  in  a total 
km  in  pressure  £\p  • 13-in.  of  water,  also,  the  fan 
motor  efficiency  t • 0.8.  The  fan  motor  horsepower 
P is  then 


P " ^(AP)/R33.000>»1 


(A-25) 

- (ft’ /min)  • (lb/ft’)/(ft-H>/hp-tir)  ■ bp 

- (63,928/60)[(l  3X5.2)]/ 

[(33,000X0.8)]  - 2.7  hp 

since  l-in.  of  water  ■ 5.2  lb /ft1. 

The  equivalent  heat  of  the  ten  motor  ia 

Qm*o  - (2.7X2,545)  - 6,872  Btu/hr 

since  I hp  ” 2,545  Btu/hr. 


A-ISJ  Tana  of  I 
The  total  heat  loao  to  be  rrmoved  from  the  cockpit 
to  satieiy  the  design  requirement  — ass  pars.  A-2.4.4, 
A-2.5.i,  and  A-2.5.2  — is: 

Q«+  - 17,41 1 ♦ 1 .264  + I3J60  + 6.172 

- 39.407  Btu/hr 

- 39,407/  12JOOO  - 3 3 tom  rtfrigers- 
tioo 

Since  12400  Btu/hr  • I ton  of  refrigeration. 


of  air  to  be  arcuintod  by  the  tea  A-l.  W.  H. 


aad  J.  8.  Fallowi.  Hemtktg  and 
Imdewieiafr.  John  Wiley  and 
Sons,  lac..  New  York,  NY.  1954. 

A-2.  ASH  SHE  Nadbrnk  FmAmmamtmb.  Anteri- 

oa  Society  of  Hearing.  Refrigeration,  and  Air- 
madltioaing  Eagmsera.  Inc.,  Now  York.  NY. 
1972. 
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Accessibility 

in  engine  maintenance,  3*1 
of  gun  installation,  14-3 
of  missile  installation,  14-7 
Accessories 
APU.  drives,  4-89 
engine,  drive  requirements,  3-15 
transmission  and  drive  systems,  4-88,  4-89 
Accumulators,  hydraulic.  9-19 
Acoustic  loading  See:  Loading,  acoustic 
Actuators 

flight  control,  hydraulic,  additional  requirements 
and  criteria,  9-16,  9-17,  9-27,  9-28 
hydraulic,  913  to  917 
pneumatic,  9-43,  944 
propeller.  366 
valve,  pneumatic,  940 
Adhesive  bonding,  7-12  to  7-t5 
— , piuccsi  inspection  requirements,  2-33 

J Adhesive* 

epoxy,  2-31 
film,  2-30 
nonstroctural,  2-32 
phenolic.  2-3 1 
properties  of,  2-26 
structural.  2-30  to  2-32 
Advisory  lights,  instrument,  10-3 
Aeroclaaticity,  total  flight  vehicle,  5-83 
Aging,  of  metals,  17-17 
Air  conditioning,  cockpit,  example  analysts. 
Appendix  A 
Airfoil  sections 
antitorque  rotor  blade,  5-8 1 
main  rotor  blade,  S-39  to  5-41 
propeller  blade.  5-68 
Airframe  structure 
analysis,  11-13 
bulkheads,  II  6 
cargo  compartment,  11-17 
corrosion  protection,  11-6 
coat,  11-2 
crash  load?,  1 1-9 

design  and  construction,  1 1-4  to  1 1-7 
design  sonsiderstions,  1 1-1  to  114 
development,  11-12 
electrical  bonding,  1 1-7 
fatigue  sensitivity.  11-2 
fitting^,  11-5 
frames,  1 1-5 


maintainability  considerations,  15-7 
manufacturing,  11-12 
materials,  11-2 
skin  systems,  11-6 
static  loads,  11-7 
stiffness  and  rigidity,  31-1 
substantiation,  11-12.  i 1-1 3 
supports,  11-5 
surface  smoothness,  1 1-1 
survivability,  11-2,  114 
testing,  11-13 
transparent  areas,  11-11 
weight,  11-1 

Air  induction  subsystem 
APU,  3-16,  3-17 
engine,  3-6,  3-7 
Airspeed  indicator.  10-3 
position  error,  946 
Aitoys 

aluminum,  24 

heat  treatment  of,  2-5.  17-18 
copper,  2-6 

heat  treatment  of,  17-18 
magnesium,  2-5 
steel.  2-2 

heat  treatment  of,  17-17 
titanium,  *2-5 
heat  treatment  of.  17-18 
Alternators,  design  of,  7-6 
Altimeters 
barometric,  10-3 
encoding,  10-3 
position  error,  criteria,  945 
Aluminum  alloys  See:  Alloys,  aluminum 
Aluminum  Association,  alloy  designation  system,  24 
American  Iron  and  Sted  Institute  (AISI)  codes.  2-1 
American  Society  for  Testing  and  Materials  (ASTM) 
nomenclature,  2-5 
Ammunition 

ejection  of  debris,  14-3,  14-11 
feed,  14-6 

onboard  storage,  14-5 
Analysis 

example;  heating,  cooling,  and  ventilation. 
Appendix  A 

gear  designs,  4-35  to  4-46 
gearbox  housings  and  cases.  4-64 
rotor  brake,  4-63 
spline,  strength  of.  4-59 
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Analysis  (Cont’d) 
vulnerability,  14-13 
Annealing,  description,  17*17 
Anodizing,  2*35 
Antennas 

avionic  (general),  8*10 
communication,  8*13 
high-frequency.  8*13 
installation  of,  8*12 
low-frequetKy.  8-13 
UHF,  fc  54 
VKF,  8-14 

Anthropometric  this,  in  cockpit  derigj,  13*1 

Anticollision  lights,  139 

Anti-icing 

of  engtte  *.i;  induction  system,  3-7 
of  phot-static  system,  94?.  948 
An*,  torque  rotor  Set:  Rotor  system,  antitorque 
Airaiamen* 
boreaigbting,  144 

controls  (arming , fuzing,  suspension,  retcorc),  1(38 
aysbun,  design  gUMfebars  14-1  to  14-7 
Armor 

aircrew  torso,  14-1L 
attachment  of,  14-19 
develop iieot  of  ocodiguration  for,  I<-1>5 
immobilization  of  moving  ports  by  damage  to, 
14-19 

ir  iigenouv,  14-18 

instsllatu  a,  design  considcraticru,  14-18  to  14-20 
integral,  14-18 
materials,  2-27  to  2-30 
s-l  otion  of,  14-16 
parasitic,  14-18 

protection  of  transmission  and  drive  system  court- 
ponents,  4-23 
removability  of,  14-18 
Articulated  rotors 
blade  rctent  ons  for,  5-27  to  5-29 
See  also:  Rotor  system,  anti  torque.  Rotor  system, 
main,  types  and  kinenuUfu 
Assembly,  rotor  blades,  selective,  5-46  to  5-50 
Automatic  diruction  finder  (ADF),  8-5 
Automatic  teat  equipment,  fa i maintenance,  15-2, 
15-3 

AutoroUtion 

entry,  stability  requirement,  6-8 
simulation  of,  6-8 
Auxiliary  power  unit  (AMJ) 
accessory  drives,  4-89 
bleed  fir  type,  3-18 
controls,  3-18 
coding  requirements,  3-18 
design  end  installation  requirements,  3-15  to  3-22 
1-2 


engine  starting  by,  9-3 
exhaust  ducting,  3-17,  3-18 
failure  mode  and  affect  analysis  (FMEA).  3-21 
fuel  system,  3-19 
irjat  air  dusting,  3-16 
lubrication  rystetn,  3-20 
maintenance  requirement,  3-21 
mounting  system,  3-1$ 
pneumatic  poenu  source,  ea^tgMtcy,  9*33 
protective  devices,  3-18 
ttdirbiHty,  3-21 
safety  provisions,  3-21 
starting,  3-20,  9*3 
Avioric  subsystem 
uslAUMi,  8-10  to  8>(4 
co*„,.iunkatk>£,  8*3,  8-4 
design  cortdfaratioas.  8-2 
effect  of  rotor  modulation,  8-2,  8-10 
decirtu -.agnatic  compt  tibilv.y , 8-S,  8-2 
environmental  considtvsvUioa,  8-2,  33 
fir*  contra!,  8-7  to  8-10 
genera!  requirements,  8-1 
iRtVsriss!*!*  emnuefrioai.  15-6 
MA  ^atma,  8-4  to  6-7 

B 

Balance 

and  track,  voter  Made.  J46  to  5-50 
antitorque  rotor  blad^  5-82 
drive  shafting.  4-75 
propeller,  5-73 
Ball  ber  ries 
radial,  design  of.  16  3 
uuvsi,  16-10 
types.  164 

wt«  in  rot  :r.  blade  motions,  S-3I 
BiJUetic  tukiancc,  supercrictica'  shafting,  4-76 
tuba  wood,  properties  of.  2-24 
Batteries 

characteristics,  7-15,  7-16 
charging,  7-15,  7-57 
bttsllation,  7-27 
lead-acid,  7-1S.  7-16 
maintenance,  7-18 
nkkti-cedmium,  7-15,  7-15 
silver-zinc,  7-J5,  7-16 
utdizatico  kvris,  7-S6,  7-18 
Bearing  life,  circulation  of,  4-53. 4-35,  164  to  16-8 
btarnj  oeaK  typ-a,  16-15 
bearing* 
airframe,  16*12 
angular  contwct.  16-9 
antifriction,  dndlicitieu  of,  1&*6,  16-7 
bull,  types  of,  164 
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Bwttap  (Coal’d) 
catabctioa  of  toad*  on,  Id-6 
fdp,  whdkn.  sad  ua,  16-4  to  16-16 
drive  shaft.  440 
dMonmc.  hniaatod.  16*14 
in  rotor  Mad*  rafaatioaa.  5-32,  5-33 
pwbea.  44#  to  4S7 
drawiap.  4*36 

life.  455. 456 

tatornal  characterittae,  451  to  4S4 
atoaatiap,  448  to  45ft 
operating  eritfaw*  fabrication.  44# 

■kidding  central.  454, 455 
fatsrfantsa  fita,  16-  * 

Ufa,  144  to  164 
fabrication  imiriwaaU,  !64 
aumobai  radiad,  fabrication  of,  M2 
•softs.  16-10,  141! 
pitch  Hak.  421 

poncr  tow  daa  to  Metm,  46 
ntntim  of.  16-15 
roihr,  type  oJ,  '410  to  1412 
ratine  rianut,  ia  rotor  Made  inaction.  5-30, 
5-31 

riidyae.  1412.  1613 

Tdw  fabric,  fa  rator  bladt  —toationa,  5-3  i 
Kao.  paws.  hadk«  par.  !24 
Beta,  safaty,  13-4 
Utoa-Ji  i ratios 
lb»ht  oatraf  van,  6-27 
tracJMtoaioa  sad  driva  ayshaa,  429  to  432 
Bfach  cruris,  lor  casing  farraar  aarCnot,  2-36 
Wads  bafauM!  aad  track,  rator.  5-46  to  5*50 


dt  p ooaaidaratioaa,  5-45 

rl  MmmtformiirmM.  $-52 

p.'«peifar,  5*70  to  5-75 
rator.  5-4  i to  5-46 
titan  fofcfaw,  5-35  to  5-37 
Mode  pantry,  praptiar,  541 
Mada  aMtorfafa 
praprikr  5-74.  5-75 
nrtar,  5-  SC  to  5-53 
Made  pbnfana.  rator.  5-31 
Mads  rtoaatwaa 
praHfar,  545,  546 
ibtor.  5-27  to  5-35 
Made  twist 
eatitotpw  rator,  541 
prepaia-,  54# 
rauw.  5-38 
) Medea 

aatfar.  far  prapaftor  bafasaa.  5-73 
a.  far  rator  bahaoe  aad  tracX,  546  to  5-50 


iitTri-r 

propaOar,  541  to  5-75 
rotor.  5-37  to  5-53 
Mat.  protection,  143.  147 
Bobs 

installation,  142 
uaas,  162,  *7-11 
Bcadad  tnwtura 
amasbly,  17-15 
daaip.  2-33 
loadfeK  adbatra 

dap  cocridaratioat,  2-31,  17  12  to  17-15 
airctrioai,  11-7 

boacycoi  >b  strastaraa,  17-13,  17-14 
Boot,  stick-fores,  414,  M 
Boron  Maawatt.  2-18 
Bnfca 

rator,  bydmaHc.  442  to  444.  9-2 
wheal,  9-5.  9-2#.  124 
Brazing,  174.  17-9 
Batit  ia  imt  apipnrat  (BITE).  15-1 
Bsbrhasdi,  (14 
Batit  pati  aad  pink.  1420 
Bant  fanfare,  gaa,  1411 
Bae, 7-2 


C 

Cables 

ia  flight  ooatroi  lytrai.  423 
joaaag,  17-15,  17-16 
etractani.  1431  to  1433 
Cedraia  a pfatiag,  2-7.  2-36 
Carp  < wrisp 
etm.il,  13-14  to  13-20 
fateraai,  13-11  . 
safety  raaridaratleas.  13-20 

daeip  oc  aaidaraticaa,  11-17,  13-11 
door,  114.  13-11,  13-13 
Cargo  dter  aad  ramp 
design.  13-11 
bydraabc  aabcycton.  M 

Cargo,  external.  ettpaama  cyrtetas.  13-15  to  !>•!# 
Cargo  loading.  provitiom  far,  13-13 
Cargo  tfadoane 
load  Maritfa g.  11-9 
structural  praririoaa.  13-11,  13-12 
Cctmp 

aisniiansai  atioye  in.  24 
type  of,  17-1,  17-2 
Caastoa  aigaafeu  162 
Chromium  plating.  2-36 
Croat  brankan 
afactrictl  7-20 
bydraedtc,  94 


1-3 


BOUEX<< 


l) 


Gamp*,  uaw  of,  14-4 
Ctuklm 

ovamuMuap.  4-60  t 442 
reaps  ud  roikr,  442 
Vn*.44l 
apriag.  442 
Coetiaf* 
ortiaair,  2-34 
pboapriats.  2-36 

Cockpit,  dtejfft  of,  13-1  w 13-5 


mrfnialnrliBiij  eawritowrio 
UHF/VHF  n#mt,  t-3 
nanpai  ywn,  fc-4,  H»5 


y.  41 
,44 
ML  134 


drive  teafttet,  4-36  to  441 
Mr— Be,  ImtaSkxkm  criteria.  3-26.  »47 
PMI uric  qMn,  M3  to  444 
profwttm,  545  to  54* 

Ntor.  SCO  to  5-37 


tfimia  it—  ud  >4tas  nyrtaia.  4-29 
ConfHoriM  ttmxsKA  m&  mivsvmn 
dadf  , nnoridtruif  o x 2-7.  211 
41—1.  2- If.  24tf 

Hgk  pmfenMMtea,  2-1?  is  ‘iri& 

prapdfaw.'  fetofciis,  3-75 
rater  $-51  to  S-53 

typat  of  miMwemmis. , 2-SS 

G apswaois,  Me as,  typo.  3-fi,  f»J4 

V'fpff  wfmtim*  trik*  w n<«WH 

Co— tow 

citodtoH^.  7-23.  14-Jtf  to  14- If 
Mtawifc,  Ml,  f-3®,  B&-2S 
(MHSate&C*  Si-44 

CtetemSau*.  kfraba.  rater,  mi  pnptfw 
Sot;  jijwuractioa 
Cctew  fedlewer.  tot  p*  mink,  14-11 
CMtttl  IMt  RipiMBfte  tie  (QMU  l-l 


■wloiBiatet.  iot.dfc&te,  4-17 
hafe»t!i*f  SUtr;  fS^SU  lateral 
p^VftW.  341 
Ctifiirel  ftwt 
utiflMA.  upstssa.  4-17 
to  oiwtran,  4-14 
■Btebmte  JkmMt  fferaat,  444 
Cited  pewss,  rapfjii—i wnin  tot.  44 

M 


CoOroi  rwpoaaa 
toaMariitort 
to  pilot  lap*.  4-7 
triad ite.  54,  4-7 


cockpit.  134 
dhactlooal.  134 
flpkt,  4-1  to  4-21 
fa’ca  ia,  4-14 
oaoracatkw.  442 


CooHttg 
AC  9 
AKJ 


■neon.  7-7 
iwpnrtwat.  3-11 
cod  caMa,  13-7 


a.  74  ^ 

441  to  447 


f 4 f 1J  f If 

^fPl  J*I4|  >13 


Copper.  24 
atojra,  24 
ptutiap.  2-34 


C vnviim  peotaOkam.  ak 
Cert  wMtiktwkm,  aU 
Cotter  pdas.  Sv-JX  14-33 


t,  243 
m.  114 
114,  11-3 


drive  M,  4-74  to  443 
htefe  tefcteii«Ma  : 1(45 


craw  watt.  134 
ptMuaiar  sad  trap. 


la  atrihaoc  4tej.pt,  114 
ia  todl  syrena  darips.  3-Id 
Cnm  statfow 

gtejoaaiwiiiiriy  oomMmwttem.  1541 
Sdt-riteCecM 
CridocJ  pod 
aadter^B*  rater,  542 
drive  ikdtl%  4-74 
pupped.  545  to  542 
rater,  Mf 


pried.  134 

P 

roteriot.  Ml 

£$/r  • 
k-ti 

Wlflriaw  of,  4-15, 44«.  f-14 

{/*' 

$ • 

AC  to  DC,  744 

tv\> 

t.-m. 

DC  to  AC  7-15 

Cooks.  tromaMoa  oft.  446.  444.  447 

'>}■( 
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V 

Dacron,  2-9 

Dupn,  las  uwtkwt,,  5-S<t 
Bigfat  «*UAs 
minimum  •ceaptnbte,  6*3 
apeciftsstioo  raqt dwutsata,  6-3  to  6-6 
Dsferia  di^ou!,  uumivtiun,  14-1 1 
Mbtgiau^iinias.  wiadahMct,  »V$ 

Dafusling  syauea,  requirements  foe,  3-1 1 
Design  parameter*,  rotor  blade,  $-37  to  5-41 
Design  review*,  1-1,  6-2S 
DfcUUlriy,  drive  system  noise.  contribution  to, 
4-17 

Dugnoeitc  techniques.  trxn&nutston  and  drive  sys- 
tem. 4-70 

Diraaiotwl  controls,  13-3 
DiMtmilar  metals 
boadMK  of,  2-32 
brazing  of.  17-9 
daritmkm  of,  2-7 
use  of  bolu  ins.  17-11 

Distance  rcw»a*uri«&  equipaiionS  (DME),  8-5 
Doppler  rad«f  systems,  8-6 
Dowbuivs,  structurul,  11-4 

TVn|mi 

AMJ,  3-22 
fuel,  3-13 

hj'drtuik.  pump  came,  9-18 
Dnwii^i 

gearbox  bearings,  4-34 
gearbox  honing*  awl  cases,  4-47 
gears,  4-47,  «3-48 
splines.  4-efi 

Drive  puds,  gearbox,  ttawajcuici,  4-00 
Drive  tiuJung,  4-72  to  4-81 
Drivv  syncm,  general  irquiruguuii,  43 
Drvxv  wisps  Snt.  Stvpw 
Dutch  roll.  6-4,  6-6 
Dyuutiaic  iowd* 
external  cargo.  13-18 
gun  installabotu,  144 
Dynamic# 

aotilor^uc  rotor,  $-82 
propel^  syatwH,'.*,  $-57  to  5-65 
rotor  systems,  5-16  to  5-27 

£ 

E -glass,  2-18 
Efficiency 

effect  of  guar  pite'r  on,  69 
gearbox,  owstsweri'wni  of.  4-30,  < 31 
transmission  and  drive  ty.w-ra,  4-4 
Ejector,  exhaust,  cegitte  oooliiig  by.  3 8,  3-14 
Ekatotnuic  bearings  Stc:  Bearings,  elastomeric 


Elastomers  coupling,  drive  uhaft,  4-78 
Elastomeric  materals,  2-16 
Electrical  swnnectk,>ja,  to  hydraulic  components, 
9-29 

Electrical  equipment,  installation,  7-24 
Electrical  power 
external,  1 5—4 
selection  of  sources,  7-1 
Electrical  su'osysten? 
batteries,  7-15  to  7-18 
electromagnetic  interference,  7-21  to  7-24 
fittings,  7-29 

general  requirements.  7-1  to  7-4 
generators  and  motors,  7-4  to  7-15 
installation,  7-24  to  7-27 
lightning  and  static  electricity.  7-29  to  7-32 
maintainability  considerations,  15-6 
overload  protection,  7-19  to  7-21 
voltage  regulation  and  reverie  current  relay,  7-18. 
7-19 

wire,  7-27  to  7-29 

Electromagnetic  compatibility  (EMC),  in  avionic  tjt- 

Uwa  skii&n.  8-1 

Elertr\v,\ni^ri*rtik  irn'e.  fcrcnce  (EMI) 
in  electrical  system  design,  7-21 
pcou&ivz  o*  c&irakvdrasfic  serve  valve  Irom, 
9-27 

sources  of,  7-21 
supprmio’fl  of,  7-22 
Electron  beam  welding  (E9W).  17-7 
Electronic  countermeasures  (ECM)  devices.  8-7 
Emergency  devices,  pneumatic  components,  9-33 
Emergency  lighting,  passenger  compartment,  13-7 
Emergency  lubrication 
gearbox,  4-87 

trananasrion  nod  diiw  system,  6-22 
End  f»t*iag'v  push-pull  oontrab,  16-29 
Enduraftoc  limit 
gear  teeth,  4-4D 

noiuattalSic  tfudmsih  odudrug  advanced  cs»«- 
posites,  5-55 
testing 

propdkr  Wades,  5-76 
rotor  bhuwt,  5-54  to  5-57 
Engine  twensufy  drive  mjuiremc.it,  3-15 
Engine  air  induction  subsystem,  3-6,  37 
Engine  eaihauri  subsyiMu-m,  3-7  to  3-9 
Eivrii't  feed  system.  3-13 
Es’jjt"  tit  insuiSklioas 
design  checklist.  3-4 
distwbantaj;^,  3-5 
type*  at,  3-1  to  3-fi 
Engine  lubrication  subsystem.  3-34 
Engine  ntwtbts.  it«vri5  roq .-iiaKWHita,  3-4 
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Engine  vibration,  isolation  of,  3-5 
Engine  wash  system,  15-5 
Enginasrinfl  plastics,  2-* 

Environmental  control  system,  oockpet  and  cabin, 
example  analysis.  Appendix  A 
Epoxies 

as  structural  adhesives,  2 31 
description,  2*12 

Equations  of  motion,  in  stability  analysis,  6-4 
Erosion  protection,  rotor  Made,  5-44  to  5-52 
Exhaust  electors,  3-8,  3-14 
Exhaust  subsystem 
APU.  3-17,  3-11 
engine,  3-7  to  3-9 
Exhaust  suppressors,  3-9 
Explosive  forming,  metals,  17-3 
External  cargo,  carriage  of,  13-14  to  13*20 
Extrusions,  metal,  17-2 

F 

Fabrication,  shop  processes,  17-3 
Failure  mode  and  effect  analysis  (FMEA) 
flight  control  system,  6-27 

m ,lli»  0.1% 

■IJUIISUSIU  SjeitMi| 

propeller,  5-68 

stability  augmentation  system,  6-12 
weapon  systems,  14-10 
Failure  modes 
overrunning  dutch.  441 
rotor  brake,  4-62 

primary.  4-32  to  4-34 
secondary,  4-34 

Failure  rates,  traaumiesioa  system,  4-13  to  4-15 
Failures,  gear  tooth 
pitting.  4-44  to  4-46 
scoring.  4-4!  to  4-44 

Failures,  reduction  of  sources,  to  jnertasing  relia- 
bility (hydraulic  system),  9-5 
Fan 

cockpit  coding  and  ventilation,  tiring  and  raring. 
Appendix  A 

transmission  oil  cootwg,  4-87 

uo-ithreaded,  applications  and  kmitatioae.  16-3 
qutek-r  Isaac;  16-3 
Hifistuaiai,  U*- 
threedod,  appheaume,  16-1,  16-2 
types  of,  17-10  to  17-12 
Fatigue  analysis 

gearbox  tenuring*  and  caem,  4-64 
gem,  bending.  4-36  to  4-41 
Fatigue  Sfc  detenuiutiov 
prupeten,  5-77 
reference  to  methods.  5-56 
1-6 


Fatigue  lives 
anti  torque  rotor,  543 
composite  materials,  5-55 
gearbox  bearings,  4-55 
propeller  Undos,  5-75  to  5-77 
rotor  system  components.  5-18,  5*53  to  3-57 
Fatigue  sensitivity,  to  airframe  design,  11*2 
Fatigue  testing,  structural  msmhari.  rotor  qstm, 

5 56 

Feedback,  tor  actuator  position  control,  9-17 
Ferrous  muh 

applications  and  attributes.  ?-*  to  2-4 
heat  treatment.  17-17 
Fiberglass  laminate,  2-1 1 
filler  caps,  feet.  3-1 1 

filters 
APU.  3-17 

electronic,  for  EMI  protection,  7-24 
engine  feed  system.  3-13 
gearbox  lubrication  system,  443 
hydraulic;  system,  9-21. 9-25,  9-29 
pneumatic  system,  9-35 
Filtration,  hydraulic  system.  9-10,  9-11 
fiwrin 

application*,  2-34  to  2-34 
flamaaprayed,  2-36 
Fin  control  system,  1-7  to  3-9 
Fin  detectors 
APU.  3-21 
types  of,  3-5 

Fire  nrtingrniahiag  subsystem 
APU,  3-21 

engine  coapartma*.  34.  13-7 
Firnwslls 
APU.  3-18 
engine,  3-5 

Fire  son,  engioc,  dsftcihiow  of,  3-5 
First  aid  equipment,  requirement  for.  13-7 
Fittings 
airframe,  11-5 

electrical,  7-29.  16-16  to  16-22 
hydraulic.  9-11.  9-25,  16-22  So  16-25 
Flight  control 

by  types  of  rotors,  5-9  to  $-13 
consider atkan  to  salsctiun  and  tap  of  Made  re- 
tantrnae,  5-35 
Flight  control  system 
actuators  (hydraulic),  9-!3  to  9-17 
design  tnfeofli,  94 
devetoffateat  and  tote*.  6-26  to  6-28 
animate  of  operational  limits,  6-7 
gonteal  NquisteMata,  9-1,  6-2 
hydraulic  subsystem  (typical),  9-2 
toataflatioa  ojasadarations.  6-23.  9-29 
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Flight  control  system  (Coat’d) 
intcnystem  twitching  (hydraulic),  9-8 
kinematic  affect*,  6-14 
maintainability  consideration*,  6*25,  15-5 
BMchankou  (rotating  and  aonrotatiog),  6-18  to 
6-26 

nonrotating,  requirements  sitd  design  standards, 
6-22  to  6-25 

pilot  effort  requirement*  and  consideration*,  6-14 
to6-18 

redundant  hydraulic  power  source*  required,  6-1, 
6-18.  9-1.  9-5 

reliability  consideration!  6-18 
stability  and  control  requirements  and  specifica- 
tion*. 6-2  to  6-9 

stability  augmentation  system  (SAS),  6-9  to  6-14 
structural  stiffness,  6-24.  9-16 
testing.  6-26,  6-27 
vibration  feedback,  6-14 
vulnerability  ooasidenakms,  *18 
Flight  instrument*,  10-3 
Flight  load  survey 
drive  shafting,  4-74 

f — . flight  control  system.  *22 

) propsBar,  5-76 

w rotor,  5-|g 

Flight  tasting.  n davskfMMnl  of  flight  control 
system.  6-21 
Floodhghta,  13-10 
Flotation 

mmwpmty  capability,  12-W 
in  tin  darign.  124 
Flutter  and  divergence 
aatitorqus  rater.  M3 
MM.  5-M 


Flutter,  prupsBer  blade  Sat:  Stall  flutter 
Fly-by-win*  in  ffight  ooutrot,  *34 
Flyteg  quahtim 
development  of.  *2 
significant  parameter*.  *2 
Fomas,  rigid,  propartiss  of.  2-2$ 

Folding  fin  aircraft  racket  (FFAfc).  144 
Folding,  rotor  hinds  Sat:  Binds  tedding 
Forgnm,  amtek,  17-2 


Forming,  sstSak 
• methods  of.  17-3 
merit  hsrdoaing  dura*.  17-19 
Frame,  ah  frame  structural,  11-5 
Frequency 

natural,  rotor  system,  5-lt  Co  5-24 
reparation,  in  airframe  design.  1 1-1 
Friction,  ooutributicu  to  fterho*  sfbctaucy.  4-5,  *7 


Fuel  controls 
APU,  3-19 
cockpit,  3-13 

Fuel  drain  valve  requirements,  3-11,  3-13 
Find  dumping  provisions,  requirements,  3-13 
Fuel  gaging  systems,  3-11 
Fuel  subsystem 
components  of,  3-10  tc  3-13 
crashworthiness  criteria,  3-10 
definition,  3-9,  3-10 
diagram  required,  3-13 
drains,  3-13 
testing,  3-13 
Fuel  tanks 

expansion  space,  3-11 
externa),  3-11 
integral,  3-10 

refueling  end  defuSfing,  3-1 1 
vents,  3-11 
Fuses 

electrical.  7-20 
pneumatic,  944 


s* 

Galvanic  action,  suaorptibtfity  of  meUh  to,  2-7 
Gagm,  prssaure 
hydraulic.  9-30 
pneumatic.  941 

Geurboass,  lubrication  and  ooohag.  441 
Gear  couplings,  4-78 

Geer  losses 

friction,  *5,  *7  to  *11 
windage,  *5, 44 
Gear  systems 
limitations.  *35 
types,  44.  *6 
Gear  tseth 

analysis  of  heading  fatigue  strength.  *36  to  441 
pitting  totem,  444  to  446 
scoring  Man,  441  to  444 
Gears 

design  and  analyst*,  *34  to  441 
drawings  and  rpaaficatioos.  447,  448 
Generators 

AC,  characteristics  of.  74 
DC.  characteristics  of.  7-9.  7-10 
*iud»of;74 

variates  frequency,  characteristic*.  74 
Geometry,  rater  tends  purmnsssre,  5-37  to  541 
Gembukd  rotor.  Mads  reSimtioa  ft , 5-29,  5-30 
Glass  reinforced  ptestic  (GRP) 
fabrication  uatioti,  2-13 
Glam  remfornammitt,  types,  2-12  to  2-16 
Glaring  Materials.  2-i0 
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Governors,  propeller,  5-66 
Graphite,  2-18 

Greases,  application  for,  2-38 
Grommets,  uses,  16-4 
Ground  resonance 
avoidance  of,  12-11 
landing  gear  design  criteria,  12-1 1 
rotor  design  criteria,  5-19  to  5-23 
Ground  support  equipment  (GSE) 
design  considerations,  15-1 
standardization  of  interface,  15-2 
Grounding,  electrical,  provisions  for,  15-4 
Guided  missiles 
design  considerations  for 
installations,  14-6  to  14-12 
See  also:  Missiles 
Gun 

accessibility,  14-3 
burst  limiters.  14-1 1 
feed  mechanisms.  14-2 
fire  interrupters  required,  14-10 
locations,  design  considerations,  14-2  to  14-4 
pintle-mounted,  14-5 
podmountsd,  14-4 
turret-mounted,  14-4 
types  of,  14-1,  14-2 
Gust  toads 

effect  on  propeller  vibration,  5-62 
rotor  system,  5-24  to  5-26 

H 

Handling  qualities 
evaluation  of,  6-2 
methods  of  analysts.  6-3 
lUuimMntL  6-1 5,  6-!6 
See  also:  Flying  qualities 
Hangers,  drive  shaft,  4-75 
Harnesses,  safety,  design  of.  13-4 
Hear  wtchangsr 
sizing.  *46 
See  also  : Cooler 
Heat  treatment,  metals 
description,  17-16  to  17-19 
design  considerationa,  17-19 
Henters.  ground,  15-4 
Heating,  cockpit  and  cabin,  13-7 
wimple  analysts,  Appendix  A 
Hi^atasu  rotor,  blade  retention.  5-30 
Hsagas 

artier, listed  rotor,  5-9 
guuhafed  (maturing)  rotor.  5-10 
Hoist 

hydraulic  subsystem  for,  9-4 
internal,  cargo  loading.  13-14 

14 


Honeycomb  structu'ee 
composite  materials,  2-20,  2-21 
uk  of  adhesive  bonding,  17-13,  17-14 
Hook,  external  cargo,  13-19 
Hoses,  use  in  hydraulic  system,  9-12,  9-25,  9-30 
Human  factors 
in  armament  controls,  104 
in  cockpit  design,  13-2 
in  maintenance,  15-3 
Hydraulic  circuit  breakers 
uk  to  improve  survivability,  94 
Hydraulic  components 
electrical  connection  to,  9-29 
See  also:  Hydraulic  subsystem,  components 
Hydraulic  fittings  See:  Hydraulic  subsystem, 
fittings 

Hydraulic  fluid 
indication  of  level,  9-26 
location  of  level  indicator,  9-25 
selection  of.  94,  9-10 
uks  of.  2-39.  2-40 
Hydraulic  pumps,  9-18,  9-19,  9-30 
Hydraulic  reservoir 
sddiUviii!  enteri*.  9-31 
design  requirements,  9-20 
Hydraulic  subsystem 
accommodation  of  relative  motion,  9-12 
analysis  required  (heat  load,  mission  profile. 

peak  power,  and  total  cnetg y).  9-12 
APU  and/or  engine  starting,  9-12 
cargo  and/or  personnel  hoist,  94 
cargo  ramp  and  door  operation,  9-3 
components 

access  for  removal,  9-25 
ricuin  and  selection,  9-13  to  9-25 
control  selector  valves.  9-22 
design  and  development  data  and  reports,  9-13 
design  considerations,  9-7  to  913 
design  pressures,  94 
filtration,  9-10,  9-1 1 
fittings,  9-1 1.  930 
flight  control  power,  91,  92 
fluid  level  indicator,  920 
beat  such  anger,  913 
installation  considerations,  925  to  927 
maintainability  oanridarackma,  15  7 
n^udleMMH  dns^a  «ritariu,  927  >'©  932 
operatic  preosuie  couesderationc,  910 
pressure  tt^ulatioa.  920 
propeller  control,  96? 
p dtatioa  919 

rv.iabiiity.  95,  96 
rotor  brake,  94 
strength  criteria,  94 
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Hydraulic  subsystem  (Coin’d) 
temperature  consideration*.  9-6,  9-7 
utility  system,  9-2  to  9-3 
wheel  brakes,  9*3 
Hydroformtag,  metals,  17-3 
Hydrogen  embrittlement,  methods  for 
rebrf  of,  2-36,  2-37 

1 

Indicators 

advisory,  transmisaion  and  drive  system,  4-70 
attitude,  10-3 

attitude  director,  10-3,  104 
course,  10-3 

differential  preesure,  hydraulic  filter,  9-21,  9-23 
eflecaivencss.  poeumatk  system  dehydrator,  9-33 
fluid  level,  hydraulic  reservoir,  9-23 
horizontal  situation,  103.  106 
pleasure 

emergency  air  bottle,  9-33 
hydraulic  system,  9-22,  9-30 
pneumatic  system.  941 
r.tdio  magnetic  (RMI),  103 
rate  of  ciimb,  iu-S 
static  preasutu  source,  9-46 
turn  end  bank.  103 
vertical  situation.  10-3 
warning,  parking  brake,  9-3 
weapon  systems,  10-S,  10-9 
Inertial  navigation  systems,  8-6 
Infrared  (IR)  supprarsicn 
APU  exhaust,  3-18 
engine  exhaust.  3-8,  3-9 
requirement  (example),  3-8 
Inlet  air  ducting,  APU,  3-16,  3-17 
InH  engsne,  protection  of,  3-6 
Inspection  sad  test 
in  field  atsintauAcc,  13-3 
transmittioa  and  drive  system,  4-10 
Instability 

auKunecbanical.  3-23 
aotitorqvs  rotor,  5-83 
Rap-lag,  3-14 

machant.aH  Sac.  Ground  resonance 
pitch-flap,  5-14 
pttch-Ug,  5-13 
tcnion&i,  3-26,  3-27 
Instrumant  landing  system  (IL8),  d 3 
InstmmMUUioa  subsystem 
acceesibility  of  componmu,  1019 
gsmaE  raquinesuau,  (Ol 
instafluttoff  considerations,  1019 
isquirmtalt,  lOl 
maiaiafatabiftty  considerations  15-7 


vibration,  1010 

warning,  caution,  and  advisory  signals.  9-2.  9-3 
Instruments 
flight,  103  to  10-7 
helicopter  subsystem,  107 
light  emitting,  10-1 
navigation,  10-3  to  10-7 
types,  109 

weapon  system,  107  to  109 
Insulation 

of  electrics!  wire,  7-27 

sound  proofing,  transmission  and  drive  system, 4-1 1 
Intake  screen,  APU,  3-17 

Interchangeability  requirement . blade  balance  and 
track,  5-46  to  5-50 

Intercommunication  selector,  system,  84 
Interfaces,  ground  support  equipment,  15-1 
Investment  casting,  17-2 
Isolation,  vibration 
avionic  equipment,  8-3 
engine.  3-5 

gearbox  and  drive  system  components,  4-12 
instrument  panel,  10-10 

J 

Jettisoning 

gun  and  ammunition,  14  3 
gun  pod,  144 
missile  launcher,  14-7 
Joining,  metals,  methods  of,  17-6  to  17-11 

K 

Kinematics,  rotor  system,  5-7  to  5-16 

L 

Lacquers,  2-35 
Laminates 
fabric,  2-16 
high  pressure,  2-17 
industrial,  2-16 
Landing  gear 

avoidance  of  ground  and  resonance,  12-11 

bear  paw,  12-9 

components,  12-3 

load  analysis,  12-11 

maintainability  considerations,  1 5-8 

retractable,  12-9 

ski,  12-9 

skid-type,  12-8 

water  landing.  12-1,  12-12 

wheel,  12-1 

Landing  loads,  analysis  of,  12-11 
Landing/taxi  lights,  13-10 
Launchers 
missile,  14-6  to  14-8 
rocket,  14-8  to  14-12 
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Life 

gearbox  bearings,  4-55,  4-  56 
transmission  and  drive  system,  testing,  4-32 
Life  rafts,  requirements  for.  13-7 
Lighting 
exterior,  13  9 

instrument,  intensity  control,  10-1,  >0-2 
instrumentation,  10-1 
interior,  13-10 
Lightning  protection 
ductricAl  system,  7-29,  7-39 
rotor  blades,  5-53 
Light-' 

advisory,  caution,  and  warning,  10-2,  10-3 
anticolSiiion,  13-9 

cabin  and  passenger  compartment,  13-10 
cargo  compartment,  13-11 
cockpit,  13-10 
emergency,  ? 5-10 
fotrnaticn,  13-9 
landing/tpxi.  13-10 
panel,  i0-l,  1 3-10 
portable  inspection,  13-10 
position,  13- 10 
troop  jump  signal,  13-1 1 
Lirntt-cycic  oscillations,  6-7 
Litters,  installatio"  "ovisions,  13-5,  13-6 
l oad  analysis 
battery  utilization,  7-ti 
electrical,  7-2  to  7-4 
landing,  12-11 
Load  factors 

uasii,  11-V 

gust,  5-24  to  5-27 
tires,  12-4 

Load-limiters,  cargo  tiedown.  1 1-9 
Loading 

acoustic  rotor,  5-24 
antitorque  rotor,  5-S2,  5 83 
propeller  hub  and  blade  retention,  5-65,  5-66 
Loading  ramp,  cargo,  13-13 
Loads 

gearbox  housings  and  cases,  design,  4-64  to  4-66 
gust  See:  Gus*  loads 
wheel,  cn  cargo  compartment  floor,  11-8 
Longerons,  11-6 

Long-range  navigation  (LORAN)  equipment,  8-6 
Losscr,  transmission  power,  4-5 
Low-fut*  warning  3-11,  10-3 
' r' wants 
*./y-fi*nt.  2-39 
film,  thickness  of,  4-7 
r.onwct!:ni  , 2-38 


Lubrication 
boundary  layer,  4-8 
data  list  required.  2-38 
drive  shall  bearings,  4-80 
emergency,  transmission  and  drive  system.  4-87 
gearbox  bearings,  4-50.  4-Sl 
hydraulic  system  components,  9-32 
regimes  of,  4-7  to  4-1 1 
rolling  element  bearings  in 
blade  retentions,  5-30,  5-31 
Lubrication  subsystem 
APU,  3-.70 
engine,  3*14 

transmission  and  drives,  4-81  to  4-88 
M 

Machining 
toierances,  17-5 
types  of,  17-4  to  17-6 
Magnesium  alloys 
casting,  2-6 
description,  2-5 
limitations,  2-6 
machinability,  2-6 
Maintenance,  design  considerations 
accessibility',  15-2 
human  engineering,  15-3 
inspection,  test,  and  diagnosis,  15-2 
safety,  15-1 
aiandardizntion,  15-2 
Maintenance  and  GSE  interfaces 
airframe  structure,  15-7 

armor,  armament,  and  protective  systems,  15-8 

avionic  subsystems,  15-6 

crew  stations,.  15-8 

electrics, 1 subsystems,  15-6 

flight  controls,  15-5 

hydraulic  and  pneumatic  subsystems,  15-6 
instrumentation  subsystems,  15-7 
landirg  gear  subsystem,  1528 
propulsion  subsystem,  15-3 
rotors  and  propeller?,  15-5 
transmissions  and  drives,  15-5 
Maneuver  stability-  criterion,  6-7 
Maneuvers,  effect  on  propeller  vibratory  loads,  5-62 
Manufacturing,  considerations  in 
cirfram;  design,  11-12 
Map  rases,  location,  13-5 
Map  display 
projected.  10-7 
roller,  1C  7 

Marking  end  painting,  helicopter,  2-37 
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Master  blade* 
for  propeller  balance.  5-73 
for  rotor  balance  end  track,  $-46  to  5-50 
Matched  die  molding,  GRP,  2-14 
Material* 

airframe  structure,  11-2,  11-3 
armor,  2-27  to  2-30 
composite,  2-11  to  2-27 
drive  shifting,  441 
elastomeric,  2-10 

gear,  effect  on  fatigue  strength,  4-36 

gearbox  caies  and  housings,  4-6-5,  4-67 

glazing,  2-10 

hydraulic  actuators,  $-16 

main  rotor  blades,  $-50  to  5-53 

metallic,  2-1  to  2-6 

nonmeta'Jir,  2-7 

propeller  blades,  5-74 

rotor  brakes,  4-64 

rotor  system,  fatigue  life  considerations  in 
selection  of.  $-$4 
thyTiuOp!  wiIX,  2-S 
thermosetting,  2-9 

Mechanical  instability  Sir.  Ground  resonance 

Mechanical  properties,  sources,  2-1 

Metals 

casting  of,  17-1,  S7-2 
dissimilar,  2-7 
extrusion  of,  17-2 
fabrication  of.  17-3 
ferrous,  2-1  to  2-4 
forging  of.  17-2 
forming  <jf  |7-3 
joining  of,  17-6  to  17-16 
machining  of,  17-4  to  17-6 
nonferroua,  2-4  to  2-7 

parameters  pertinent  to  setocUon  of,  2-1,  2-4 
plating  of,  2-36,  2-37 
work  hardening  of.  17-19,  17-20 
Metalworking,  description  of  processes,  17-1  to  17-4 
Microphone-headset,  design  requirements,  8-4 
Missile  launchers,  14-6,  14-7 
Misti  let,  guided,  installation,  14-6  to  14-12 
Meek -up.  review  wnd  evaluation,  l-l 
Molybdnttum  disulfide,  as  lubricant,  2-39 
Motors,  electrical,  7-13 
Mounting  » 
engine.  3-4 

tfaiws-nisiici;  and  drives,  4-72 
Muzzle  blast,  minimisation  of  effects  of.  14-3 
Mylar,  2-9 


N 

Natural  frequencies 
antitorque  rotor,  $-82 
propeller,  5-60 
rotor,  5-19 

Navigational  equipment 
installation  considerations,  8-4 
maintainability  considerations,  15-6 
Needle  roller  bearings,  use  of,  I6nl 
Nickel  plating,  2-36 
Noise 

analysis  for  diagnosis,  4-74 
gearbox,  effect  of  gear  type  and  tooth  ptich,  4-12 
gun  installations,  14-11 
transmission  and  drive  system,  4-11 
Nonferrous  metals 
description,  2-4  to  2-7 
heat  treatment  of  alloys,  17-18 
Nonmctallic  materials,  2-7 
Nonrotating  flight  controls,  design.  6-22  to  6-25 
Normalizing,  in  heat  trca.ment,  17-17 
Notch  factors,  applied  during  endurance 
limit  testing.  5 45 
Nuts 

fixed,  16-2 
nonflxed,  16-2 
self-leaking,  16-2 
uses  of.  16-2.  17-11 

O 

Oil 

spoctrographic  analysis  of  4-71 
transmission  system  lubricating,  4-85 
Oil  tank  and  cooler,  APU,  3-22 
Open  rold  hand  layup,  GRP,  2 14 
Oscillatory  loads  See:  Vibratory  loads 
Gulp"*  load  controls,  APU,  3-18 
Over  lea  a protection,  electrical  systems,  7-19  to  7-21 
Overpower  testing,  gearboxes,  4-31 

P 

Paints,  2-34  to  2-38 

Parameter!,  rotor  blade  design,  5-37  to  5-4 1 
Passenger  compartment,  design  of,  13-5 
Performance 
antitorque  rotor,  5-82 
helicopter,  drive  system  parameters 
psrtir  ’JU  is,  44 
prepaid  Ccr.  4-68 
Perfornaasce  aual.'sis 
hydraulic  system,  9-13 
rotor  brake,  4-63 

Permanent  mold  castings,  metal,  17-2 
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Pins 

cotter,  uses  of,  16-32,  16-35 
typos  sad  uus  of,  16-3,  17-12 
Pt*A  controls,  dnign  of,  13-2 
Pitch  linii,  drsjgn  ar4  tasting  of,  6-11  to  6-21 
P>tot-*l*'ic  subsystem,  design  and 
is  ut£ittk>n,  Wj  to  94^ 

Pitot-static  ( Jtes,  !*48 
Pitot  tubou  947 
PUnform,  propeller  Made,  $-68 
Plastics 

appiLtitions  for,  2-  7 
disadvantages  of,  2-7 
eng-Stieeristj,  2-8 
g'&ef-rduforoed,  2-1 S,  2-12 
rciaforc  v,  design  coijsideratioan,  2-1!  to  2-H> 
Plating 

eketro^ws,  2-37 
electrolytic,  2-37 
metal,  2-36,  2-37 
molten  met*:  dip,  2-3* 
v&aium  cK^iition.  2-37 
2-F 

Pneumatic  autoysie^ 
analysis  of  matt  riow,  9-32 
component  design  criteria.  9-33  to  SMI 
design  rejuircrnttiU,  9-32,  9-33 
filtcsrn,  9-3$ 

>r«itidUtX'-i  and  quriificaricn,  9-6* 
maintainability  -'■considerations,  15-7 
moirtur;  separator*  and  tiehydratorr,  9-34,  9-35 
system,  945  to  SMS 
prcor-ire  redui^it-ii  end  'cgulaiioi,  938 
supply  system  scSo—tion  «uj  Cj>v*tiun,  5-34 
testing,  components  and  Installation,  9-43 
type  tu'.d  dassre.  9-44 
j Polyesters,  2-5,  2-12 

j t uition  lights,  1 3-10 

* P<»er  co.  it  roll,  criteria  for,  6-14 

Po  ver/lif.  relationship,  transmission  and 
drive  sj  vtent  components,  4-25 
Power  losses,  transmission,  due  to  accessories,  4-11 
Pc.. v.r  source,  electrical,  selection  of,  7-1 
Pn^tris.  GRP,  2*n,  2-19 
Pr«..’v  rc  ga»es 
hydraulic,  930 
pneumatic,  9-41 
Pressure  regulation 
hydraulic  system , 920 
| pneumatic  sy  stem,  938 
j Pieasur*  sensing,  mum  line,  hydraulic  system,  99 
i Pr  essure  vessels,  pneumatic  system,  942 


Pressures 

hydraulic  reaervoer,  sssttaiy  for  striate*  *vy 
piuao  operation,  919 
Lysfcauuc  syctism  design.  94 
iiyd  rauHc  system  operating.  wetgSat/coer 
tfadtwjff.  910 
Primers.  2-35 

Pnye.a<*  flight  pahs,  14*3 
Prcjdkr 

blades,  568  to  5-75  Sat  dm*:  Binder,  propeflbr 
com, 'Ottents  (hubs,  actuators, 
controls),  $-65  to  5-68 
dynamic*,  5-57  to  5-65 
f«ti£ue  lives,  575  to  S-77 
g&iwiO!  r-.qtiremema,  5-5? 
maiiitainabilhy  considerations,  15-5 
shafting,  473 
Propulsion  subsystem 
definition  of,  3-1 
interface  with  GSE,  15-3 
quick-change  capability  in,  154 
Protection,  ripV-cp,  is  dual  acttwlor.  9 15 
Policy  guruds,  use  of,  16-27 
Pulleys,  conuol  system 
criteria  for  selection,  16-26 
installation  of,  16-26 
types  and  uses,  16-25  to  16-27 
Pumps 

gearbox  lubricating  oil.  4-83 
hydraulic,  918,  919,  930 
rush-puli  controls 
advantages  of,  16-28 
components  of,  16-28 
types  and  uses,  6-23.  16-27  to  16-30 

Q 

q-  fed  system,  definition  of,  6-14 
Qualification 
APU,  3-16 

transmission  and  drive  system,  >t-29  to  4-32 
Quality  control 
propeller  blades,  5-73 
rotor  blade  construction,  545 
Quick-discoRbocts 
APU,  3-16 
drive  system,  4-73 
GSE  interfaces,  154 
pneumatic  system,  9-4 
Quills,  gearbox.  447 

R 

Kate  controU,  description,  64 
Ratings,  transmission,  4-25  to  4-28 
Reduction  drives,  APU,  3-20 
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hydnudk,  as  apfmtatfc  to  rdjntWTj  M 
f^^awtic  lyUan.  M3 
total  and  static  p«wn  mwm,  947,  Mt 
trade  off  stadias.  SAS.  6»1 
tr^AMMfxM  and  drive  lystwa. 
for  et^vatality,  4-11 
Rafatiu*  systems,  rw^uhaunste,  3-11 
Relays 

evifw.iiwtgfj,  7-h, 

ravam  ainart,  '.-19 
Kiliati% 

AMJ.  3-2, 1 9 

*;  Right  cct&rol  systeat,  <Mfio  ctawidsw’aktM,  6-14 
hydraulic  systesn,  9-3 
tntd*-off».  9-7 
proprikr  control,  3-66 
SAS.  6-12,  6-13 

uk1  drive  tytt/m,  a 17  to  4-iS 
»•>  '*iv  iv-wi*.-;.  «v-.32 
■j-J'iity  byd»*Yfu*  *y  .fiats,  9-5 

ate.vaot*  tii/ai,  4-89 
evt  vretiAj,  4-72 
ft.  "S  " coc-'arj,  446 
Eoev}ii,  hydraulic,  9K> 

Reservoir  ievd  tmsiflg  (Ri.S>,  9-S 
pround  chock  out,  9-26 
Reams 

epoxy,  2-9,  2-12 
•n  filament  compositr,’,  2-19 
phenolk.  2-9,  2-12 
polyester,  2-9,  2-12 
thcrmouettk-B,  2-9,  2-12 
Peso  nance,  ground  Stt:  Cffcviid  .veeoecuc 
Restraining  Letches 
missile,  14-8 
rockets,  14-9 

Restrictors,  for  hydraulic  system  tats:  ctn^'oll,  9-24 
Retaining  rings,  usee  of,  r.u4 
Retentions 
propeller  blade,  5-63 
rotor  blade 

construction  of  blwte  root,  5-44 
types  and  design  consider utMos,  3-27  to  3 J0 
Rigid  rotor  S**:  Rotor,  biagukaa 
Rivets,  uses  of,  17-10 
Rocket  launchers 
design  re^uim^'.u,  144  to  14-12 
mounting  of,  14-9 
types  of  in»laUs4ion,  E 44 


Asekefts 

firing  pwfesans,  14-10 
ground  safety  rrnsldrrsfir  W4> 

Rod  ends 

bench  tasting  of.  6-21 

dastrarinntioa  of  ow/jnsiwu  hairs  for,  6-22 
Roll  nsoNku  dant’  l^g  lazuli' insert*.  6-4 
Rofin  bastings 
caged  Mtrim,  If- 11 
fljsjjjvaiiifcs  and  tmt,  16-10  to  16-S2 
cylindrical.  16-10 

tvjfetirka*,  16-11 
tapered,  16-11 

u sad  in  Made  r^entioas.  }-?! 
ftoftr:  burntskrog,  work  taiHtening  of 
mete’  surfaces,  17-19 
Rco  pint*.  i?  stability  studies,  64,  64 
Rotuiflg  controls 
design  factors,  6-1U 
tntUfflj  of.  6-21,  6-22 
Rotor  brake 

„■ »./  <»  1 c.^.  a «r^« 

wa%u  any*  mauajua**  tvs  tv  vv» > 

guidelines,  *'.43 
hydraulic  subayr.van,  94 
Rotor,  hingetess 
blade  retecticK  for,  5\H) 
kiwmatioi  of,  5-11 
Ret  or  udtitoique 

Mttigh  ('.nrameters,  540  to  542 
tiecigft  rWi<riresrse«ts,  5-78 
gitisrai  xe^iirrtncrsU,  5-V'V 
iniv'di&rb..  raaudcr&io&s,  5-79 
IKifforawnrw,  542 
si«»crmt,!  consider t-tioos,  542 
P.OlOr  S'nttSI:,  main 
folaife  Htenticar  5-23  u>  5-37 
Ms  5-37  to  .'<  53 

5 -3  to  5-7 

dyrsumtci  erf.  $-10  to  5-27 
fatigue  Ih  .5,  5-53  to  5-57 
i.-tflatai’ut?.i!ity  Cv'ks  sidtiaticni,  1 5-5 
t;  pet  arc  kinematict,  5-7  to  5-16 
R,ugj*^d. «*•,  sirftums  structure,  tt-2 


S-glic.,  2-18 

Sat-jiy  ix7u  rad  hsjisems,  rktigu  of,  134 
SaWt,  scnsidnaiioit* 
s/tuument  installation,  14-10  to  14-12 
OSfi  interu.’.ua,  15-1 

hydraulic  p:wer  fan-  flight  control  during 
atilorcttlk'-n,  94 
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Soft*}'  wit  < 

a Ajr**y Uifcte  for  rv-  diiiai  mM,  bj^Mke  irtuttw 
fiaUm  fo&d,  Q-M 
W\«t  oC  16>1£,  i(v<S3 

Sued  coi.'iitj'.v  'Ubruacmrietici  and  ipropertim,  17-2 
Se»dwi«fe  c<*fc*trs*etk» 
cu»^o*#tt  2-30 

design  pmriptw.  2-21 

Screws 

nod  faaitationa.  16-1.  16-2,  17*11 
counters*';  i,  16-2 
St^luxi 

apfiviubont  tad  types,  2-33,  2-34 
polysulfkk,  2 >34 
sttkoae,  2*34 
itmbenr,  2-34 
Seals 

bsifinc.  types  of,  16-15 

face.  16-15 

hydraulic,  actuators,  9-15 
Ji  lyrinth,  35-15 
lubrication,  (crjbcx,  4-85 
redial  lip,  !fr-!3 

riiiistic  leakage  rates  in  service,  9-25 
Searcfci'fhts,  JMO 
Seats 

omored,  *4-16 
crew.  13-3 
psssei>(  r,  13-5 

Sensors,  ^©-control  system,  8-8 
S'>v.ientiij£,  APli,  3-18 
Servos 

flight  contr.il  system,  9-24 
SAS,  hydraulic  subsystem,  9-75 
Shafting 

interw/incct,  4-73 
subcritrcal,  4-74 
supercritical,  4-76 
tail  rotor  or  propeller,  4-73 
transmit.  ion  uui  drive  system,  4-81 
Shafts,  flexible 
cc.itrol,  15-30 
power,  16-30 
tyr  u,  dwacten-iics,  and 
construction,  16-29,  16-30 
Shall,  use  of,  1-1 

Sheet  metal  .'orming,  description  of,  17-3 
Skidding,  electrical,  7-23 

wheel,  analysis  of,  12-8 
Shock  struts,  landing  gear,  £2-5  to  12-8 
Shot  ^wenin^ 
gear  test*,  440 

wo  k banJeoin/  of  metaJ  surfaces,  17-20 
Sighting  *u  lions,  weapon  system,  13-1 
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direct- viewing.  13-8 
lakMksMwahl,  134 
wdaret  dewi^.  136 

gjgasflt,  wetting.  cantina,  ami  atietoty,  16! 

awatimric  Sfchft  vuhkla.  5-16,  5-17 
graft  loading,  5-24 
moving  bast,  6-17 
pilot  8a  the  loop.  66.  6-17 
SAS  dsrebpMM.  6-13 
testing  of  flight  control  system,  6-27 
Skid  landing  gear,  12-8 
Skin,  airframe,  11-6 
Skis,  landing  fear 
design,  12-9 
installation.  12-10 
Smoking,  provisions  for.  13-5 
Smoothness,  airframe  surfaces,  1 1-1 
Soldering,  description  of.  17-10 
Soundproofing,  crew  and 
passenger  compartments,  4-11,  13-8 
Specifics!:  ns 
gears,  4 17,  4-48 
aubsystet  . 1-1 

Spectrogiapnk;  oil  analysis,  4-71 
Speed  governing.  APU.  3-19 
Speed  stability,  requirements  for,  64 
Speeds,  critical  See:  Critical  speeds 
Spinning,  metal-forming,  17-3 
Spiral  roll,  64,  6-6 
Splicing,  cable,  17-15,  17-16 
Splines,  power  transmission,  4-57  to  4-60 
analysis  of  strength.  4-59 
drawings,  4-60 
properties,  4-58 
types,  4-58 
Spray  up,  GRP,  2-15 
Stability 

degradation  of,  6-8 

derivatives,  wind  tunnel  testing  for,  6-2,  6-26 
inherent,  6-6 

maneuver,  criteria  for,  6-7 
measures  of,  6-4 
requirements  for,  6-2 
rotor  blade  motions  See:  Instability 
torsional  rotor  and  drive  system,  5-26 
Stability  augmentation  system  (SAS) 
cost  considerations,  6-13 
criteria  for  selection  of,  6-10 
design  tonrideraiioot.  6-1  to  6-9 
effect  of  helicopter  sine,  6-10 
elactrohydnuilk,  6-10 
failures  and  response*,  68.  6-*,  6-U 
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flMMKy  MVMMMka  ayatom  fCmt'd) 
etec.6-16 

gMK  teste—  fcjr.  6-12 
teteaas  of,  6-11 
aaateafcal,  M 

r^uiite  of  too  o— tel by.  6-5 
wibMity  ragaiiwrantt,  6-12 
Matey  raqterates.  6-12 
vimmktim  state  in  dsstega— t of.  *>10 
•nwraMMNi  of  vftnflbo  mate  by.  4-1  I 
tacfeteJ  tewtepowt  plan  fa,  4-13 
t^a  of  6-9  to  4M 
typical  tel  imni  9>2 
ltd  flatter,  propter  Mate,  54J,  M4 
fttuteh,  io  MHteWoo  and  tea  tyatet  JaUga 
te  oMAMteom.  4-21 
State.  DC,  7-1  i 
State/gewaratar,  DC.  7-9 


Suaeorta.  acrfraout  structure,  1 1-5 
Surface  Sates,  OSIP,  MS 
Surface  aoaooteaaa,  teftawi.  U-i 
Survivability 


APU.  3-2©.  9-3 
AKJ  mi  sagan.  9-12 
test  typo  (ikctrkaQ,  7-1! 

DC,  7-9,  7-*.  l 

hydraulic  wtiyaaw  for.  9-2 
raqtemeets  mteUt  to  thctiital 
system  tecta.  7-17 
stand  aaargy.,  9-3 

Static  ehsctfkiey,  protection  of  electrical  system 
against,  7-29.  7-31 
Static  toads 

cargo  conpaftmaat.  1 1-7 
external  cu|o,  13-19 
Stslios  lianisi  svataoM.  9-7 

JttonU 

alloy.  2*2 
carbon,  2-1 

common  resistant  (stainless),  2-2,  2*36 
manging,  2-3 

precipitation  hardening,  2-2 
Stiffeners,  11-6 
Stiffneea 

airframe  structure,  U-I 
flight  control  systson,  6-24,  9-16 
Stiffaeat-to-weight  ratio,  honeycomb  structures,  2-21 
Stops,  rotor  fade,  bad-lag,  droop,  and  fl*r.  5-34 
Storage  bottles,  pneumatic  system,  9-12 
Strainers,  eegiue  feed  system,  3-13 
Strata  relief,  in  heat  tmatnwnt,  17-17 
Stratchforming,  metal  parts,  17  3 
Stringers,  airframe  structure,  1 1-6 
Struts,  air-oil,  design  of,  12-5  to  (2-8 
Sump* 
foal  call.  3-1 1 
gearbox,  mB  staling.  4-22 


swbswoswuot  of.  14-12 
hydrate  syslea,  ooaaidaratame,  9 
trinssaisMoa  and  drive  aysns. 
ctoUftte  to,  4-17,  4-11 
Survival /tacepe  aquipaseat 
ground,  13-7 

iitfWgtM,  t3-6 

Survival  bta.  raquimnssts  for.  13-7 


external  cargo,  13-15  to  13-18 
missile,  14-3 

Swaging,  cables,  17-15,  17-16 
Switches 

pressure,  hydraulic  system,  9-22 
push  button,  14-20  to  16-22 
rotary,  16-22 
toggle.  :6-20 

types  end  urns.  16-20  to  1622 
System  safety 
APU.  3-21,  3-22 
armament  lyttan,  14-10 
blade  folding  considerations,  5-36 
flight  control,  6-12 


Tactical  air  navigation  (TACAN)  systems,  8-6 

Tril  rotor  shafting,  4-73 

Tail  rotors  See:  Rotor  system,  anri  torque 

Tapes 

antislip,  2-37 
high-visibility,  2-3? 
marking,  2-37 
types  and  iwa,  2-37,  2-3L 
Teetennj  rotor  See:  Glmbaled  rotor 
Teflon,  in  bearings,  16-li 
Tempering,  17-17 

Tcnjion-toreion  straps,  rotor  blade  retentions,  5-32 

Terminal  maneuvering  equipment,  8-5 

Terminal  ttrips  or  boa. '(is,  7-25,  ’’-29,  16-19 

Terminals,  electrical,  16-19 

Test  points,  propulsion  syclein,  15-4 

Testing 

development,  SAS,  6-13 
transmission  and  drive  system,  4-29 
endurance  limit,  5-54  to  5-?6,  6-22 
fuel  system,  3-13 
pneumatic  cysUm,  9-45 
structural,  11-11 


m&mm 


INDEX  (C miimti) 


T«u 

airspeed  calibration,  9-4? 

trammiaaioa  and  drive  syuan,  4-29, 4-6* 
deflection,  gear  r,y$tw»u,  4-29 
endurance  hydraulic  actuator,  f- 15 
flight  lo&tci  survey,  4-74,  5 18,  >76.  6-22 
gearbox  asafisnbty  and  diaatii  ^bly . 4 30 
gearbox  efficiency  mee&urautsats,  4-33,  4-31 
hydraulic  pump  compatibility,  9-19 
lubrication.  tramrotaaiOB  and 
drive  subsystem,  4-30 
modal,  water  Lt^iing,  12-14 
overpower,  gearbox,  4-31 
pnsri^ht  acceptance  (Pf  AT),  of  ground  teat  muck 
(GTV),  4-32 

thermal  mapping,  gearbox,  4-31 
Thermoplastic  materia?*,  2-8 
Thermosetting  rwiju,  2-9 
Tie  bate  See.  Yew.  ion-torsion  strep*. 

Tiedown  drvjoet.  cargo,  13-15 
Yinie-buwrwo-owereiHvls  CTriO).  transmission  aad 
drive  tyrteni.  4-27 
Tires,  landing  fear,  12-3 
Titanium  alioys 
characteristics,  2-6 
machining,  2-6 
Tolerances.  machining,  17-5 
Tooling 

airfram  structure,  17-2? 

design  lequitemenis,  17-20  to  17-23 

optical.  17-22 

plastic.  17-2?. 

propeller  Dtade,  5-72 

rotor  blade,  5-43 

T rtrntia 

. w.^— 

input  (redlinc)  limit,  trni«rissw>j;  and 
drive  lySUii.5,  4-2> 

tail-rotor  shafting,  transient  criteria,  4-74 
To\ic  gases,  pmcc«:o,i  fron., 
weapon  iiistalisUonk,  [4-12 
Transient  responses 

description  and  damping  requirements,  6-6,  6-7 
maneuvers,  6-7 
pulse  inputs,  6-7 

Trsnrmfciion 

mainU.ru.bikt;.'  considerations,  1 5-5 
sUnaartU,  4- .IS 
thermal  mapping,  4-31 
Set  also:  Gtsrbota 
Transmission  and  drive  subsystem 
tvdwson included  in,  4-83,  4-S9 
ccmpoisents 
dynamic,  4-34  to  4-64 
static,  4-64  to  4-72 

Iri6 


oonfigurationr,  4-23  tc  4-25 
dea.  a config  uatiom  for  survivability,  4-18  to  4-22 
drive  shafting  nod 
interconnect  system! , 4-72  to  4-45 
efficiency,  4-4  to  4-11 
faiturc  modes,  4-32  to  4-34 
ferifu-J  requires  ats,  4-3  to  4-23 
lubrication,  4-31  to  4-88 
noiae  levels,  4-11 

qualification  requkeraessta,  4-29  to  4-32 
ratings,  4-25  to  4-28 
ivaiabifity,  4-12  to  4-17 
sixe,  4-1  k 

survivability,  4-17  to  4-23 
weight,  4-4 

Transmitter,  pressure.  hydraulic  ayawm,  9-22 
Transpaienctea,  cockpit  and  cabin,  !l-t! 

Trim  systems 
continuous,  6-26 

maintainability  considerations,  15-5 
parallel,  6-26 

requirements  and  type#,  6-25 
Ttlnng,  hydraulic.  iiuiiilitkMi,  9-26 
Turbulence,  cffca  on  utiibility  and  control,  6-7 
Turnbuctfss,  uses  of,  16-3 

U 

Urethanes,  2-9 


V 

Valves 

blued  and  back  pressure,  air  compressor,  9-3$ 

pyswtuAl  tsitroa  ri/\« «■  eorf  m«mm  8<v»ali<v«s  Af  O 1 
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control,  whwl  brake,  9-28 
hydraulic,  check,  9-21 
control  selector,  9-22 

efitcrif  {additional),  9-35 
pressure  relief,  9-20 

master  control,  hydraulic  actuator,  pneumatic, 
9-36  to  9-41 

directional  control,  9-38  to  9-41 
wheel  brake,  9 44 

Ventilation,  cockpit  and  cabin,  example  analytic 
Apper.dir  A 
Ventv 

fuel  tank,  3-11 
static  pressure,  sys'em,  S47 
Very  high  frequency  oiu Ji,  ange  (VGK.)  Syrians,  if -5 
Vibration  isolation 
A Ft'  installation,  3-15 
*ngi*e  instahution,  3 5 
instrument  installation,  10-10 
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Vtoratian  awnt&eriag.  omwIkiqs  aad 
drm  ayatoe,  4-71 
VfeNlhHM 

at  eaaiidaratioa  oa  airframe  rteaiga.  11-2 
rotor.  $-19 

tonkaot.  drive  qMa,  control  of,  4-tt  to  4-70 
Vfemtory  leada 

rotor,  $42 
prapdkr,  5-57  to  540 

due  to  ami  and  tukyaonk  iaktlim,  5-4* 
rotor,  itml(n  aMcdcutioo,  3-14 
ViaiMsty  rapfawnaMa,  cockpit,  drug*.  13-2 
Voltage,  ntgolotioa  of 
AC,  7-19 
DC.  7-18 
Vulnerability 
Mp  coasidaratiorta 
flight  cMuvb,  4-11 
SAS,  6-11 

trammUoa  and  drive  aystrnn,  417  to  4-23 
method  of  anatyaia,  14-13  to  14-14 
reduction  of.  14-12  to  14-20 
checklist  for.  14-16 


W 

Warning 

tight,  hydraulic  system  failure,  9-22,  10-2 
signals.  10-2 

tramuniwon  and  drive  system,  4-70 
voice,  10-2 
Wuhen 
lock,  16-2 

Ivrtnt  tivil  Itorw  HL1  IT.H 

v rw  — — — — — v * - 

Water  landing  capability 

design  and  development  for,  12-12 
Weapon  in*Ull*tioiu 
glided  missika,  14-4  to  14-4 
guns,  14-i  tu  K-6 
rocket*,  14-8  to  14-10 


■afaty  oonaMemb  «,  14-19  to  l*-i2 

Woagoa  ^ystam  Datum  haaWUU 
Wear  piatna.  landi*  par.  1M 
W*gS4 

oontroi.  datai!  daaagn  phana  1-1 
daaign  coaiaidarttionv,  aitftum  mnnwu,  11-i 
trana adaafan  and  drive  ayataan,  44,  4-41 
WatyiiU.  rotor  Made  tio«ag  and  team ns  $-44,  5-n* 
Welding,  type  and  daatp  naaoidnatwaa.  17-7 
Wi ml.  landing 
design  rupdtu mwta.  124 
k totkw».  S2-2,  12-3 
Wheels,  ground  hondtug,  12-8 
Winches,  cargo 
external,  13-19 
intends,  13-14 
WindriuuMa 
ddbgguig/daciiig.  134 
design  of,  SS-11 
w oo  requimi-eiils,  13-2 
Wind-ttutnei  teatkg,  6-2.  6-14,  6-26 
Wire,  electric.' 
hundlea,  7-25 
insulating  m aterials,  7-27 
specdkaU  ms,  7-28 

types,  characteristics,  and  applications.  7-27 
Wire* 

pmarawd,  16-11 
aaiety,  16-32,  16-2.1 
etruclurs.1  16-31  to  16-33 
Wiring,  electrical 
in  door  hingca.  7-26 

ic  wdw  mmiMj'iijBt!.  7-2(6 

to  moving  components.  7-26 
Work  hardening,  metals,  17-19,  17-20 
Wrought  [Hoducii,  oUvAiaum  alloy.  2-s 

2 

Zinc  piafin«(,  2-36 


(-17 


(DRCDE-LO) 


AMCP  706-202 


OFFICIAL: 


/C.  J.  HAROLD 
LTC, 

Adjutant  Sane ~*1 


D'STiIBirriOH: 

Special 


ROBERT  L.  KIRMAN 
Brlaadier  General,  USA 
Chief  of  Staff 


(J.S  GOVKRrMEVT  omci  UP'-M.TW,  4tS 


BwGNffiRJNG  DESIGN  HANDBOOKS 


iirillMl  M (AM  iMIMtaM  ■»  * iMAi 

Mfr.  **rnj.  Mt  ftoWt  HTfai  <***••  mMltur>  a* 

M Mtnr-wt  wntnn  Ind^MDi  t—~  iMMwl  I* 

•m  hitiii  tM  hrttaf  ««ul  * •#  Me  prtfc*  •»**<  .•» 


i.  r%tm  a ■».  Mi  imtr.  mi  hem  m— 

HIMnn,  »<»IWCI  llMNTt.  l!i..»UWU.  V«MH 
hHiif.  IWMiii  *4  Cttum.  tprtnlMI.  1 
•V  rliulfM  


•n>'«  kUMr  (««  h^htOlUH 


H*w«n  ^ Iran— a M«  Mm. 

•I— a *l  A*— *c  Mr  T—** , 

Mr—u  Imiiw  awl  Cin— M» 

T«Um  — tv  1—tol 

Mrtumii 

N«MU*I  hiWllKEH,  CUAlJua*  I.  N*l* 

OiUHfH  awe  Mim*  — M— ww — Mm* 

*MHmIh,  filial  2. 

4 hNMMOW  M4  ClaN4U«ME«  *—« 
MtWtal  NMlnU*.  W|i»»  1.  MmIm 
rnm * K«|l  ft—* 

l4MIP*tH.  Wtllm  *.  Vf<*l 


ktinMi..4i  tel**,  htt  uf«  ryu 

IlHrMUuai  • 

IwlfMniil  »*».n,  *m  IlM.  Cl— — r 


«,  TmMr;.  H»n  <Ual « — i fftw  W) 

*.  4rar— ir*.  BmrlMl.  — r»  fftear  nr) 
■».  hytoiw.  KkrtrlMl.  — i Nr  (Cl 
m.  hwMr*.  I'latrlr*) . — i — — ft» 


Mf* Ur—  •*» l#  —PH  ■— t wa 

— *nlN  «P> 

Hrrltw  l«  C—hi  *4  4—1—  P)l—  rW— 
•mrUiln  T—lma  'Ml 
in  • - _ — hm  ijvHklm  — Mil—-- 

rimrsi . in—  MM*  mt  (mmi,  <tomn. 
a—  ihWi  (h  'fwm 

— (I—,  lyirnr  V.  — In  t— I 
•VI—  a <V> 

—It—.  V«'M  V.  —*w  re*  «K""I  mt 
ni4M  lrtipU»—  — -Til\ 

<— willy  . Wat—  *>.  Mull  In  —*>—11— 
— nvilUn.  W<  1 1 «x  V.  I— mtu  ft— rN  mt 
Art  UU(  — *r»S  t >—  — ai— 

— MMIlM.  ViIm.  ft.  Mw'WruM  *•  — l»lllr 
—mmk*  — Iritllm  •— til— 


0—1—  — 

— 1*  <*!•  — lU^tiwlM 

RJ>*  trlMl  mm*  C— 

— fr—  — ItiarT  —a,  Nr<  — 
UlrMl  <Vll—t  In— ■■  Part  Mi » 1 
■win  1—  Air  r - — UrAr* 


NstM—a ait-  —I— Mi  m 

HMtui  rarr— ' 

I— —HU*  Or—  r«  — ft 

♦U «— ».  —Iff.  aw*  MINI 

«—  C— art— - 


YratttnH*-.  NMmUi  l«M  i. 

—I  ><r  P.w—r'tal 
Uwri,  —111  act--*  — Mraa 
Mw— i M MMa ilt.  0*1  *!■—«. 


Umnm  »r  lwl»al  InllMua.  .Hi  mm. 

Harm  I -*  i acuta*  I ftUlnlw,  — R •«>, 
OiUmiim  mw  Mala  mt  Mu  (Mwri 
1—  T—prri  Cl) 

U— an  » l«»w, »■>  mIUm>c*.  — «i 

wlxft  •*  <•  «*  i*  mm  i mb  v«mu  W 


11b14.m1»4  Inaru.  —» 

Ivan  mmm  » • A#fl  >«*— i <fi 


— — irwl  IMi*-tutiMlr«  mt  Miflr  Plw 

— 1—  If  — 


. — «t>— l).a—  in  —) 

IiUh  W *T— ill— tr  !ft»l«rtl  — -l*il 


1—fMr-wftlr  Hwllw.  — M Owt.  Ivmm 
I— t—* 

iU*rin-it-ftir  «**>—.  Miit  l*.  Mf " 

IMtitl 

♦— firr-tt-Mr  Kliatlil.  — » TVw.  C— — 

♦ft  arf —*-♦«» -ft  1»  *ImI1n.  Mn  — f.  — *>t  — 

—wr—rt-tr-Mr  — r hw.  tatif- 

MMlwt-rn-Mi  WMllM.  T«t  lit,  ftmuni 
—4  4— r lir»n» 

ikrlHTMimr  NwilM,  —It  Itrw.  lawli 
PnUu  <"> 

— tc  —aft— 

—Mtml  Mil—  mt  tlmmtU  — 

Mm **  KWr  *-l*—lc  Inw  C— mlt— 

— t*  O—ftl  It— w-  — tl 
fttm  Co* tr*»  — m «w— 

O— 1—  llrami 

—■at—  M(l—ri'  — Iwr  Cllarti  M—)  iMtB). 

Ml —a  I.  I— III—  MB  »■—  IfWtllt  (8) 
Miliii  —l—ri'  Mel*—  tffacta  M m»)  ffWW). 
Mm  il.  «1— rcr-lr  IfK—  Mr 4 U—  MM 

•tail,  ran  (V) 

—rat—  ■—  Maira*  — etc—  If  facta  —Win  i ■ I (MOM. 

Ulrai  II*.  — 1«t  —rill  it  (l>» 

Whim  B— Hatva’  turlwi  Iftmi  I— aal  (MMO, 

tat— • t«.  Mrcar  UIkii  (0) 

CarrUjia  4*4  M-H-  O—  | 
rmui 


A* era**  S (— <mn  *r  -17/* 

l—iaalva  miar 

— I ■ I ■ n ■ H * I * —a*  — 

IfinlMi  in  Alt.  wn  T— 

Ml  1 It  at  T ftaatnarftnlrr . —at  — lr»  — 

—liciiiai 

Wllltarv  rnMHWi'1,  li*"  M.  1 1 . 

—i  a— i at  ar  • Cla— aft 
Mill arr  Piiwh  alf.  !■' - 'ana  timtin 
«f  wtrrlaia  — la  4ti  ■■■■■•  — ->~iriMi 

miit.tr  inwH  •!'■.  Bart  i—  »»ir  mt 
awwtrtM  Bat  — t.  hair  t'vati 
Mi  »-bt  HHinwit  i.  —n  r*r~.  MMitinr 
Hrr  mm  *h»i»  awaltaia 
>4——  AMliali  r— A Ealt'lfllr'  <H ■ • ■ 

Caa«>r  MM  Mm—  mt  '—ft—  — 1 >»««■, 
Par*  .l«a 

C—  Mil*  114—  Mai—  -f  NMkB-al  triiMr 
Pi*  — 

—win  lur  i ii  i util*  . ■■'  —11*11111  »»rf  rw 
tarra—  tl.»i».  lrt|f«ial.  mmt  Witi*i 
tmr  — Hal— la)  •**—  run  ta 
M»—;  a— mi  6wl«*  f»’t  ArllaftHK)  Mr- 
/«*  IrSiiklllli 

fta rail  pun*  Cm 1M  lar  1*11*111111.  •”  — 
Mme  -r  Pr»4irf,r# 

— » mm-:  iftui  far  lrlt*Mll>  «.  — - Mr 

M<  aMii'r  I— »'ir*> 

Uak—  fat  MiUftlttl*. 

EMHatnil  (•*  M|  1— -1 III* 

Iraraiiwi—  wl—  frr  — 11—  lUtt.  *«— 1 * -* 
— a— laawl  laawalr  —4  01— t* 
MU—  nil  — rl— . Vt  Mi,  ftaU— 
—II 

M l— -rr  NIliitM-  M»t  C— . Mf  — 
(Imm— r 1 Blaiatl— ■ Mt  tW— . WiM  wn 


"^Unoer  Weoc -i tl  on-  -Hot  Av*  e 


trail Ifttatar* 

■ Imrti*  —cMnlawa 
TvmnlM  liiharla* 
iftnM  MaMUaii 
r—  HI— I'*  Aaaa— (* 
i«r*v»>lw«  I— i— 

Hitaiil**  ft— la*  a—  Mil* 

■Hi  Kara  Vaftlt  ia  ■!  act  tie*  *T'>«** 

•'ll l.urr  V»Mcla  ►— rr  Vi—:  Cnnlti^ 

*3*<tro— w fit  C— rlhllliv  (MC' 

Nirmtlllr  »f  at Ina-Ma-tris.  1.  < *4 

n*'i  rr*ftarlc*l  •*■*—*  (Rmre-rf  uaiiWtl  fttaat 
i (l««rr*tir  War  far* . Mrt  Ma.  Inii»lmili« 
ar*  r-nc.»  MiMrii  tr  Urttt—Ic  Nrrfira 
*rlrt.***l'  - .••  tut 

r.  .Mir.-  lit.  rf  ii— •iriiioa-tirdrial.  a**J 

..act-  Mi-ra.’  ti»t-«  (Utrm  Vitue  mntln) 

Ui.  *i— 1«-  —rfai  /•«  fir*.  t»*Mr— l.  Nftefftra 
l«|al'*a.!:tiT  or  tarfleal  Ca  ai»lt«i  1—  *••» 

MliariM  ■>*•*  mt  f - | ■ *•  - ai> 

fl  act i*-M  lc*l  ifdi— a ■•— a Qmi— 4 Mia-  l— > 
tr  Oacttwwti  Mrtna . Ban  Tftrra.  flacvr— 

1W  fat*  MaHMUin  mt  >ii— ••* wmt  mm*  Air— i aa 
(■.  wllWart  lU  %'«♦.  lalari  <0) 

MlaafWlllltV  O'  Gi^.-ttfat.— -llmt-lr  **t 

ti-Ha-Mtl'il  trail—  (Irarrt  Gwlft—  Mail'—) 
tr  lartr— 1c  U*H aa  - . 4—  Mat.  Han—  1c 
M-  *rr  N—raMIti  if  riwtn  EC) 

•'alt*.  aiU'i  rf  VwuiliUiM-tlRtiwli  mm 

Ut.  irNlnl  lm—  'Ami  C«|— « —llr*> 
l*  I « t r*jj  Mrfir*.  Part  f • »a,  OatUai/CrrtfiaU 
— >•  -a  NUmrUllEr  •'  O*  ti^tlH'  ^i**—  (•) 

'In  natlial  *fn,  m a *«— * Cw.— a Maallra) 

- H».  float*  Marfant,  P** I H«.  •!#«■—.  Wrl»w 

it— i.*ll'  - *f  lata  111.  a Ca— la— fa—  I*) 

b ■*  Ta»  ***.  a*  — laatHta 
IM  i*  <«*—.»—•  Bal* 

•k*\ jts4s  ind  Design  0/  Autowotive 
f rail*  Systems 


i-n 


